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SUMMARY 


New  Therapeutic  Modalities  for  Retinal  Laser  Injury 

With  the  widespread  use  of  laser  equipment  in  civilian  and  military  settings,  the  incidence 
of  retinal  injury  by  laser  has  been  growing.  Presently,  there  are  no  established  guidelines  of 
treatment  for  these  injuries  and  there  are  only  limited  controlled  quantitative  studies  of  effective 
therapeutic  modalities.  The  primary  goals  of  this  contract  are  to  evaluate  the  efficacy  of 
glucocorticoid  and  tissue  plasminogen  activator  (t-PA)  in  the  treatment  of  laser  induced  retinal 
injury. 

The  following  steps  were  undertaken  to  achieve  our  goals: 

(1)  to  develop  animal  models  of  retinal  laser  injury  with  or  without  subretinal 
hemorrhage:  and 

(2)  to  assess  the  respective  efficacy  of  glucocorticoid  and  t-PA  in  these  retinal 
lesions. 

In  addition,  during  this  contract  period,  we  were  able  to  document  the  clinical  course  of  two 
patients  with  retinal  laser  injury. 

This  report  consisted  of  5  chapters  with  concluding  remarks  and  references  at  the  end. 
Relevant  background,  our  hypothesis,  and  approaches  were  summarized  in  Chapter  1.  We 
proposed  that  secondary  cell  damage  occurs  in  the  retina  surrounding  a  central  necrotic  zone  of 
laser  injury  and  that  appropriate  medical  treatment  will  ameliorate  the  secondary  damage  and  limit 
the  retinal  lesion.  This  hypothesis  evolved  from  our  understanding  of  neuronal  cell  injury /death  in 
different  CNS  models  such  as  cerebral  ischemia  and  spinal  cord  injury,  in  which  various  agents 
such  as  calcium  antagonists  and  N-methyl-D-aspartate  receptor  antagonists  will  rescue  injured 
neuronal  cells. 

In  Chapter  2.  we  described  two  patients  at  the  macula  clinic  of  the  UlC  Eye  Center  who 
suffered  accidental  injury  to  the  retina  by  Nd;YAG  laser.  These  case  studies  gave  us  new 
information  on  the  clinical  course  of  retinal  injury  after  laser.  Both  cases  shared  remarkable 
similarities  in  their  clinical  course  showing  retinal  burns  with  initial  subretinal/retinal  or  vitreal 
hemorrhage,  retinal  edema  with  decrease  in  vision,  gradual  reabsorption  of  blood,  decrease  of 
edema,  and  remarkable  improvement  of  vision,  but  with  residual  macular  hole  formation. 

To  test  our  hypothesis,  we  developed  retinal  models  of  laser  injury  for  quantitative 
evaluation  of  efficacy  of  agents  for  the  rescue  of  injured  retinal  cells.  In  the  first  part  of  Chapter  3, 
we  described  a  sub-human  primate  (Cynomolgus  monkey)  model  of  retinal  laser  injury  by  a 
continuous  wave  Argon  laser  (CW  Argon).  Clinical,  histopathologic,  and  morphometric  methods 
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to  document  the  laser  injury  were  employed.  Morphometric  indices  were  established  for  the 
quantitative  evaluation  of  retinal  repair.  We  observed  remarkable  healing  of  the  retina  after  injury. 
This  observation  explains  the  improvement  of  vision  in  patients  with  retinal  laser  injury  over  a 
period  of  months. 

Methylprednisolone  (MP)  was  selected  among  a  list  of  neuronal  cell  rescuers  because  of 
its  proven  efficacy  in  humans.  Dramatic  benefici^  effects  of  methylprednisolone  in  patients  with 
acute  spinal  cord  injury,  when  given  a  loading  dose  of  30  mg/kg  followed  by  a  maintenance  dose 
of  5.4  mg/kg/hr,  were  reported  in  the  Second  National  Clinical  Trial  Study  of  Acute  Spinal  Cord 
Injury  (1990).  Our  evaluation  of  similar  administration  of  MP  for  retinal  laser  injury  in  monkeys  was 
described  in  the  second  part  of  Chapter  3.  We  tested  three  treatment  regimens  with 
methylprednisolone:  (1)  prophylactic  and  continued  treatment  for  3  days  after  injury;  (2)  immediate 
treatment  for  4  days  following  injury;  and  (3)  immediate  treatment  for  8  hours  following  injury.  All 
regimens  were  found  to  be  effective  with  clinical  and  histopathologic  criteria.  However,  with 
morphometric  indices,  only  prophylactic  and  continued  treatment  for  3  days  after  injury  (regimen 
1)  and  immediate  treatment  for  4  days  following  injury  (regimen  2)  showed  significant  beneficial 
effects  while  immediate  treatment  for  8  hours  showed  no  significant  beneficial  effect.  Hence,  early 
high  dose  and  continuous  treatment  with  methylprednisolone  for  4  days  is  effective  while  short 
time  (8  hours)  treatment  showed  limited  efficacy. 

Ultrastructural  studies  to  examine  the  cellular  responses  after  injury  provided  further 
insight  in  the  pathogenetic  mechanisms  of  cell  death.  Electron  microscopic  study  of  the  retinal 
lesions  with  and  without  methylprednisolone  treatment  was  described  in  Chapter  4.  Treatment 
with  methylprednisolone  limited  the  occlusion  of  choriodal  vessels,  the  proliferation  of  retinal 
pigmented  epithelium,  and  the  infiltration  of  macrophages  after  retinal  laser  injury.  Hence,  specific 
therapeutic  approaches  may  be  targeted  to  these  pathologic  changes  for  maximum  rescuing 
effects. 

Chapter  5  described  our  evaluation  of  the  efficacy  of  tissue  plasminogen  activator  (t-PA)  in 
subretinal  hemorrhage  in  rat  laser  lesions.  A  model  of  subretinal  hemorrhage  was  induced  in  the 
rat  by  a  continuous  wave  Argon  laser  (CW  Argon)  because  of  the  need  for  larger  sample  sizes  due 
to  the  expected  variations  in  hemorrhagic  injury.  Recombinant  t-PA  was  selected  because  of  its 
purity,  specificity,  and  minimum  toxicity  Our  study  showed  that  there  was  no  apparent  beneficial 
effect  of  t-PA  on  laser-induced  subretinal  hemorrhage  when  evaluated  at  4  days  after  injury. 

In  summary,  we  documented  two  cases  of  retinal  laser  injury  in  human  patients.  A 
subhuman  primate  model  for  quantitative  evaluation  of  efficacy  of  various  agents  for  non- 
hemorrhagic  injury  to  the  retina  by  laser  was  established.  We  showed  that  a  high  dose  (30  mg/kg 
plus  5.4  mg/kg/hr)  of  methylprednisolone  was  beneficial  for  non-hemorrhagic  injury  to  the 
monkey  retina.  We  also  established  a  rat  model  for  quantitative  evaluation  of  efficacy  of  various 
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agents  for  subretinal  hemorrhage  by  laser.  Recombinant  t-PA  given  at  25  ug  intravitreally  was  not 
effective  in  this  model. 
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Chapter  1 
INTRODUCTION 

1.1  Incidence  of  retinal  laser  injury 

Since  the  first  report  of  accidental  laser  burns  of  the  macula  by  Rathkey^ ,  there  have  been 

p 

other  scattered  reports  of  laser  injury  to  the  retina.  Wolfe  summarized  all  the  laser  retinal  injuries 
reported  in  the  literature  up  to  1985  and  reported  a  total  of  23  cases.  Of  the  23  cases,  7  involved 
YAG  laser  operating  at  1064  nm  wavelength.  All  cases  that  involved  the  YAG  laser  caused 
retinal/subretinal  or  vitreous  hemorrhage.  Of  the  7  cases  reported,  3  cases  were  reported  to 
develop  macular  holes  and  1  case  resulted  in  macular  pucker  formation.  Since  then,  there  has 
been  an  increase  in  reported  incidences  including  one  case  each  by  Kearney  et  al  ,  by 
Friedmann^  and  by  Anderberg®,  6  cases  by  Gabel®,  as  well  as  19  cases  referred  by  Cai  et  al^,  2 
cases  by  Cai  et  al^,  29  cases  from  1976  to  1986  by  Uu  et  al®,  and  3  cases  by  Whitacre  et  al®.  In 
addition,  laser  injuries  to  the  retina  by  weapons  have  been  reported  in  the  recent  Persian  Gulf  War. 
It  seems  apparent  that  with  the  widespread  use  of  laser  in  military,  medical,  and  experimental 
settings,  the  incidence  of  laser  injury  to  the  retina  will  continue  to  grow.  However,  currently  there 
are  no  established  guidelines  for  treatment. 

1 .2  Experimental  treatment  of  retinal  laser  injury 

There  have  been  few  studies  on  the  treatment  of  laser-induced  retinal  injury.  Ishibashi  et 
al^®  reported  the  inhibition  of  subretinal  neovascularization  by  dexamethasone  in  laser-induced 
retinal  lesions  in  monkeys.  Belkin  et  al^  ^  studied  the  use  of  urokinase  treatment  in  laser-induced 
vitreous  hemorrhage  in  rabbits  and  concluded  that  urokinase  did  not  accelerate  the  absorption  of 
blood  from  the  vitreous,  but  prevented  the  development  of  severe  vitreous  fibrosis,  which  followed 
the  hemorrhage  in  some  of  the  control  eyes. 

1.3  Clinical  therapy 

Clinically,  of  the  23  patients  reported  by  Wolfe  ,  10  had  steroid  therapy.  In  some  reported 
cases,  improvement  was  reported  after  steroid  therapy.  However,  there  has  been  no  controlled 
study  to  demonstrate  the  efficacy  of  steroid  therapy. 

1.4  Our  hypothesis  and  approaches 

The  lack  of  progress  in  developing  new  and  rational  approaches  to  therapy  of  laser 
induced  retinal  injury  may  be  partially  due  to  the  belief  that  the  retinal  Injury  is  usually  too  severe  to 
be  treated.  Furthermore,  pathophysiology  of  laser  injury  to  the  retina  is  not  well  studied.  However, 
with  the  recent  improved  understanding  of  the  pathophysiology  of  neuronal  cell  injury  in  various 
animal  models  and  of  the  roles  of  intracellular  calcium,  excitotoxicity  and  lipid  peroxidation  in 
neuronal  cell  death,  new  therapeutic  approaches  to  neuronal  cell  injury  are  proposed 
Studies  have  shown  that  various  agents  that  inhibit  the  elevation  of  intracellular  calcium  levels  , 
inhibit  receptors  of  the  endogenous  excitatory  amino  acids  and  diminish  lipid  peroxidation 
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may  prevent  secondary  cell  death  after  the  initial  insult  to  the  central  nervous  system.  The  retina, 
being  part  of  the  central  nervous  system,  may  show  similar  behavior  as  in  the  brain  or  spinal  cord 
after  injury.  Our  initial  hypothesis  is  that  there  are  secondary  injuries  around  the  initial  laser  insult 
and  that  these  secondary  processes  may  be  modulated  by  appropriate  agents.  Therefore,  our 
approach  is  to  limit  these  secondary  changes  in  the  retina  (Diagram  1). 

To  achieve  the  primary  objective  of  this  research  contract, which  was  *o  develop  new 
therapeutic  modalities  for  retinal  laser  injury,  we  sought  to 

(1)  document  the  clinical  course  of  laser  induced  retinal  injury  (Chapter  2); 

(2)  establish  an  animal  model  for  examining  the  efficacy  of  various  test  agents  for  non- 

hemorrhagic  retinal  lesions  (Chapter  3); 

(3)  quantitatively  evaluate  the  efficacy  of  methylprednisolone  on  these  non-hemorrhagic 

retinal  laser  lesions  (Chapter  3); 

(4)  improve  our  understanding  of  the  tissue  responses  after  iaser  injury  with  and  without 

methylprednisolone  treatme.it  by  ultra-structural  studies  (Chapter  4). 

(5)  establish  an  animal  model  for  examining  the  efficacy  of  various  therapeutic  agents  for 

hemorrhagic  retinal  laser  injury  (Chapter  5);  and 

(6)  evaluation  of  the  efficacy  of  tissue  plasminogen  activator  (t-PA)  on  sub-retinal 

hemorrhagic  laser  lesions  of  the  retina  (Chapter  5). 
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Chapter  2 

Accidental  laser  injury  to  the  human  retina 


2.1  Introduction 

Even  though  clinical  manifestations  of  laser  induced  retinai  injury  in  human  has  been 
described  in  the  literature,  and  as  the  conditions  of  injury  and  the  tissue  responses  greatly  vary,  it 
is  important  to  document  ail  available  cases  in  a  systematic  manner  so  that  a  comprehensive  view 
of  the  injury,  and  hence  better  strategy  for  therapy,  may  be  developed  .  In  this  contract  period,  we 
followed  two  patients  from  the  Macula  clinic  of  the  UIC  Eye  Center  with  accidental  laser  Injury  to 
the  retina. 

2.2  CASE  1 

A  23  year-old-male  physics  graduate  student  of  Asian  descent  was  experimenting  with 
frequency-mixing  of  laser  beams.  The  laser  involved  in  the  accident  was  a  pulsed  Nd:YAG  laser 
with  a  full  power  of  2  W  and  a  spot  size  of  1  mm^.  It  was  operating  at  1064  nm,  10  Hz  and  10  nsec 
pulses.  While  the  patient  was  adjusting  the  position  of  the  KDP  crystal  for  mixing,  the  beam  from 
the  Nd:YAG  laser  was  reflected  from  the  crystal  surface  to  the  patient’s  right  eye  accidentally.  The 
reflected  beam  was  estimated  to  be  approximately  5%  of  the  incident  light.  According  to  the 
patient’s  calculation,  the  energy  reaching  the  cornea  surface  was  approximately  5  mj/pulse. 
Immediately  after  the  exposure,  the  patient  reported  dark  brown  objects  floating  at  the  center  of 
the  vision  In  his  right  eye.  The  floating  objects  scattered  gradually  and  a  scotoma  remained  at  the 
center  of  his  vision.  No  pain  was  reported,  but  the  patient  experienced  a  shockwave.  The  patient 
reported  wearing  protective  goggles  for  argon  laser  which  might  have  a  similar  transmittance 
spectrum  of  that  reported  in  case  2  (see  Fig.  2.1).  Within  10  minutes  the  patient  was  examined  by 
a  physician. 

His  visual  acuities  were  recorded  to  be  20/200  (OD)  and  20/15  (OS).  The  patient  was 
reported  to  have  distorted  central  vision  in  the  right  eye.  Laser-induced  hemorrhage  was 
observed.  He  was  examined  2  weeks  later  by  an  ophthalmologist.  His  vision  had  improved  to 
20/40  in  the  right  eye  and  was  20/20  in  the  left  eye.  Intraocular  pressure  was  22  and  1 7  mm  Hg  in 
the  right  and  left  eye  respectively.  Ophthalmoiogically,  a  yellow  central  necrotic  area  at  the  fovea 
with  radiating  folds  of  the  retina  was  noted  in  the  right  eye.  No  hemorrhage  was  reported, 
suggesting  that  the  hemorrhage  seen  earlier  after  the  accident  might  have  been  resolved  within  the 
two  week  interval.  Fundus  examination  of  the  left  eye  was  normal.  The  patient  was  seen  at  our 
Macular  Clinic  6  weeks  after  the  accident.  His  visual  acuity  had  improved  to  20/25  in  the  right  eye 
and  remained  20/20  in  the  left  eye.  Amsier  Grid  examination  showed  paracentral  scotoma  and 
patient  reported  metamorphopsia  adjacent  to  the  central  fixation  point  (Fig.  2.2A).  A  mild 
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subepithelial  opacity  was  noted  at  the  temporal  inferior  quadrant  of  the  right  cornea.  The  lenses 
were  clear  with  no  focal  opacity.  Intraocular  pressures  were  16  mm  Hg  (OD)  and  15  mm  Hg  (OS). 
Fundus  examination  of  the  right  eye  showed  a  large  pigmented  scar  in  the  macula,  with  a  hole 
centrally  and  surrounding  shallow  serous  retinal  detachment  (Fig.  2.3A).  Preretinal  fibrosis  with 
retinal  folds  was  also  observed  in  the  macular  area.  A  small  choroidal  vessel  was  noted  at  the 
bottom  of  the  macula  hole  (Fig.  2.3A).  Fluorescein  angiography  (FANG)  (Fig.  2.3B)  showed  no 
fluorescein  leakage  and  focal  staining  at  the  macular  hole.  He  was  given  15  mg  beta-carotene  t.i.d. 
The  patient  returned  for  follow-up  after  1  month.  His  visual  acuity  was  20/30  in  the  right  eye  and 
20/20  in  the  left  eye.  In  his  right  eye,  paracentral  scotoma  and  metamorphopsia  were  unchanged. 
Fundus  examination  of  the  right  eye  showed  chorioretinal  scar  with  more  prominent  pigmentation 
compared  to  previous  visit.  Depigmentation  in  the  fovea  persisted  (Rg.  2.3C).  Preretinal 
membrane  over  the  macula  and  a  full-thickness  macula  hole  were  noted  as  before.  FANG 
confirmed  the  retinal  pigmented  epithelial  (RPE)  staining  of  a  macula  hole  and  pigmented  scar 
(Fig.  2.3D).  No  fluorescein  leakage  was  noted.  The  patient  returned  for  further  examination  3  and 
1  /2  months  after  the  accident.  His  visual  acuity  remained  at  20/30  in  the  right  eye  and  20/20  in 
the  left  eye.  He  continued  to  complain  of  an  inferior  nasal  scotoma  and  metamorphopsia  (Fig. 
2.2B).  However,  the  scotoma  appeared  to  have  decreased  In  size.  Fundus  examination  showed  a 
centrally  depigmented  area  in  the  fovea  and  a  spot  of  pigmented  area  at  the  center  larger  than 
previously  seen  (Fig.  2.3E).  The  premacuiar  fibrosis  appeared  to  improve.  The  macula  was 
flattened  showing  minimum  traction  as  compared  to  the  last  visit.  Ruorescein  angiography 
showed  a  hyperfluorescent  ring  corresponding  to  the  edge  of  the  macula  hole. 

2.3  CASE  2 

The  patient  was  a  29  year-old -female  electrical  engineering  graduate  student  of  Asian 
descent.  The  accident  happened  during  a  spectroscopic  experiment  using  a  pulsed  Nd:YAG  laser 
with  an  output  power  of  50  mj /pulse  operating  at  1064  nm,  10  nano  sec/pulse  and  a  spot  size  of 
5  mm  diameter.  The  patient  reported  wearing  goggles  which  were  later  examined  in  our  laboratory 
to  have  more  than  90%  transmittance  at  wavelengths  above  530  nm  (Fig.  2.1).  The  patient 
complained  of  immediate  metamorphopsia  with  blurred  vision  in  her  left  eye.  She  was  seen  2  days 
later  by  an  ophthalmologist  who  reported  central  scotoma  extending  nasally  in  the  affected  left 
eye.  Her  visual  acuity  was  20/20  in  the  right  eye  and  20/60  in  the  left  eye.  Fundus  examination  of 
the  left  eye  showed  an  eccentric  macular  burn  with  surrounding  edema  and  hemorrhage.  The 
patient  attended  our  Macular  Clinic  1  week  after  the  accident.  Her  vision  was  20/20  in  the  right 
eye  and  20/50  in  the  left  eye  (OS).  The  latter  eye  had  central  metamorphopsia,  but  no  scotoma 
(Fig.  2.4A).  Intraocular  pressure  (lOP)  was  14  mm  Hg  in  both  eyes.  Fundus  examination  of  the  left 
eye  showed  a  laser  burn  at  2°  temporal  to  the  fovea  (Fig.  2.5A).  There  was  a  dark  red 
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discoloration  in  the  fovea,  interpreted  to  be  subretinal  and  subretinal  pigment  epithelium  (sub-RPE) 
hemorrhage.  Small  chorioretinal  scars  were  also  noted  in  the  paramacular  area  of  the  right  eye 
(Fig  2.6).  Fluorescein  angiography  showed  no  active  fluorescein  leakage  in  both  eyes;  but  there 
was  a  hypofiuorescence  area  at  the  macula  consistent  with  subretinal  and  sub-RPE  hemorrhage 
(Fig.  2.5B).  The  patient  was  given  antioxidants  of  ascorbic  acid  and  Beta-carotene,  and  was  re¬ 
examined  1  month  after  the  accident  and  her  visual  acuity  remained  20/50  in  the  left  eye.  The  area 
of  central  metamorphopsia  decreased  with  a  scotoma  in  the  inferior-nasal  visual  field  (Fig.  2.4B). 
Fundus  examination  showed  that  the  subretinal  hemorrhage  had  spread  (Fig.  2.5C).  Early 
organization  of  the  hemorrhage  with  yellowish  fibrosis  was  noted.  Ruorescein  angiogram  was 
unchanged  (Fig.  2.5D).  The  patient  returned  2  and  1/2  months  after  the  accident  and  her  visual 
acuity  improved  to  20/30  in  the  left  eye.  Amsier  chart  showed  further  decrease  of  the 
metamorphopsia  with  a  persistent  gray  scomatous  area  (Fig.  2.4C).  Fundus  examination  showed 
reabsorption  of  subretinal  hemorrhage  (Fig.  2.5E).  A  reddish  lesion  remained  at  the  parafovea 
area  in  the  temporal  superior  quadrant.  A  lamella  hole  was  developing  at  the  inferior  nasal 
|3arafoveal  area.  FANG  showed  RPE  staining  of  the  lesion  in  the  temporal  superior  quadrant  (Fig. 
2.5F). 


2.4  General  comments 

Two  cases  of  accidental  injury  by  reflected  laser  beams  were  reported.  The  reflection  in 
the  first  case  was  by  a  KDP  crystal,  and  the  other  by  an  unspecified  surface.  Both  patients  claimed 
to  wear  laser-safety  goggles,  but  with  the  wrong  cut-off  wavelength.  Instead  of  wearing  the  KG3-5 
goggles  which  are  readily  available  for  the  1064  nm  wavelength,  the  patients  were  wearing 
protective  goggles  for  argon  lasers.  The  argon  safety  goggles  transmit  more  than  90%  in  the 
infrared  region  (Fig.  2.1).  Both  patients  were  graduate  students  in  the  physical  science 
departments,  supposedly  knowledgeable  of  the  possible  dangers  of  laser  injury  to  the  retina. 
However,  it  is  apparent  that  appropriate  safety  measurements  were  not  followed.  It  was  not  clear 
why  the  subjects  wore  the  wrong  goggles.  Suffice  to  say  that  these  two  cases  clearly  demonstrate 
the  insufficiency  of  laser  safety  education,  the  lack  of  standardized  procedures,  and  improper 
supervision  for  personnel  involved  in  laser  handling. 

Careful  examination  of  the  second  patient's  right  eye  showed  a  choroiretinal  scar  at  the 
inferior  temporal  quadrant  of  the  paramacular  area  (Fig.  2.6).  Although  the  patient  did  not 
complain  of  laser  injury  to  the  right  eye  previously ,  it  appeared  that  the  scar  might  be  from 
previously  unreported  laser  injuries.  Gabel  et  al®  also  reported  observations  of  unnoticed  laser 
burn  in  workers  involved  in  laser-handling  under  routine  eye  examination.  Hence,  it  seems  that  the 
incidence  of  accidental  laser  injury  to  the  retina  may  be  much  higher  than  expected. 
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2.5  Clinical  course 

In  both  cases,  the  clinical  course  showed  remarkable  similarities.  Initially,  subretinal,  sub- 
RPE,  or  vitreal  hemorrhage  was  reported  with  central  scotoma  and  metamorphopsia.  The  initially 
dramatic  decrease  in  visual  acuity  gradually  improved  over  a  couple  of  months.  The  subretinal 
and/or  sub-RPE  hemorrhage  was  gradually  absorbed  over  a  period  of  time,  although  in  the  first 
case  it  was  absorbed  more  rapidly  (in  a  matter  of  2  weeks  and  the  rapid  resolution  of  the 
hemorrhage  may  be  associated  with  the  full  thickness  retinal  necrosis  and  escape  of  subretinal 
blood  to  the  vitreous  cavity).  Chorioretinal  scars  were  observed  with  gliosis/fibrosis.  In  both 
cases,  macular  holes  were  formed.  Visual  acuity  in  both  patients  improved  dramatically  over  the 
ensuing  months  of  follow-up.  These  clinical  courses  are  comparable  to  the  reports  of  experimental 
and  clinical  laser  injury  to  the  retina.  Manning  et  al^^  reported  that  macular  puckers,  macular 
holes  and  cysts  are  sequelae  of  YAG  laser  injury.  It  is  interesting  to  know  that  in  both  our  cases, 
the  macular  holes  were  formed  away  from  the  apparent  laser  burn  site. 

2.6  Implications 

From  these  clinical  studies,  it  seems  rational  to  design  therapy  to  retinal  laser  injury  in  the 
following  ways:  (1)  to  promote  rapid  resorption  of  sub-retinal/retinal/vitreous  hemorrhage;  (2)  to 
promote  healing  and  repair  of  the  retina;  (3)  to  limit  chorioretinal  scar  formation;  and  (4)  to  prevent 
retinal  hole  formation. 


10 


100 


Fig  2.1 


Wavelenftb  (nm) 


Transmittance  spectrum  of  the  protective  goggles  for 
Argon  laser 


11 


AMSLER  RECORDING  CHART 


Fig  2.2:  Amsier  charts  of  patient  #1 .  See  text  for  description. 
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-:q  2.C:  f^undus  picture  and  f 
latient  #1  at  6  (A.  3).  10  fC.  [ 

text  fi 


luorescein  angiogram  of  the  right  eve  of 
•).  and  fE.  i-)  weeks  arter  aser.  See 
)r  description. 


-ig  2.5:  Fundus  picture  and  fluorescein  angioaram  of  the  left  eve 
of  Datient#2  at1  (A.B),  4  (C.D).  ana  lOTE.F)  weeks 
after  iniurv,  See  text  for  aescrioiion. 


Fig  2.6;  Fundus  picture  and  fluorescein  angiogram  of  the 
right  eye  of  patient  #2.  See  text  for  description 


Chapter  3 


Sub-human  primate  model  of  non-hemorrhagic  retinal  laser  injury 

and 

Evaluation  of  the  efficacy  of  high  doses  of  methylprednisolone 

3.1  Studies  of  retinai  laser  lesions 

Clinical  and  histopathologic  changes  of  laser-induced  retinai  lesions  were  well- 
described  However,  in  order  to  compare  the  therapeutic  effects  of  different  agents  on  these 
retinai  lesions,  we  needed  to  produce  experimental  retinal  laser  lesions  reproducibly,  and  to 
quantify  those  lesions,  (n  this  contract  period,  we  developed  a  reproducible  primate  model  of 
laser-induced  retinal  injury  of  varying  severity.  Briefly,  using  clinical  and  histopathological  criteria 
we  divided  retinai  laser  lesions  into  four  grades;  I,  II,  III,  and  IV^®.  In  Grade  I  lesions,  only  the 
retinal  pigment  epitheiial  layer  was  affected.  In  Grade  II  lesions,  the  retinal  pigment  epitheliai  layer 
as  well  as  the  outer  nuclear  layer  were  affected  while  in  Grade  III  lesions,  the  retinal  pigment 
epithelial  layer,  the  outer  and  inner  nuclear  layers  were  all  affected.  In  Grade  IV  lesions,  vitreal 
hemorrhage  was  seen  in  addition  to  necrosis  in  ail  retinal  layers. 

Previously,  there  were  no  quantitative  methods  established  for  evaluating  the  drug  effect 
on  retinal  laser  lesions.  In  this  investigation,  we  established  several  morphometric  parameters  for 
evaluating  these  lesions  quantitatively.  The  study  of  lesions  without  drug  treatment  (control  study) 
were  presented  in  section  3.4.1 . 

3.2  Choice  of  methylprednisolone  (MP) 

3.2.1  Effectiveness  of  M  P 

Recent  advances  in  pharmacology  of  neuronal  injury  suggested  that  a  variety  of  agents 
may  be  beneficial  to  retinal  laser  injury.  Of  the  several  classes  of  compounds  commonly  known  to 

1  P 

rescue  neurons  in  CNS  injury:  including  calcium  antagonist,  such  as  nimodipine  ;  NMDA- 
receptor  antagonist,  such  as  MK-801  and  lipid  peroxidation  inhibitors,  such  as  high  doses  of 
methylprednisolone^^,  only  high  doses  of  methylprednisolone  showed  a  dramatic  and 
unequivocal  beneficial  effect  on  CNS  injury  in  man^^.  Studies  by  Hall  et  al^®'^®  and  others 
established  that  high  doses  of  methylprednisolone  (MP)  inhibits  lipkJ  peroxidation,  which  is 
believed  to  play  an  important  role  in  cell  membrane  disruption  and  cell  death  in  various  injuries, 
such  as  spinal  cord  injury.  Recent  clinical  trial  studies  showed  that  high  doses  of  MP  was 
beneficial  in  acute  spinal  cord  injury  in  man^^. 
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3.2.2  Pathophysiology  consideration 

The  pathophysiology  of  spinal  cord  trauma  which  comprises  of  mechanical  disruption  of 
neuronal  architecture  and  occlusion  of  blood  supply  resulting  in  ischemia^  appears  to  us  to  be 
comparable  to  that  of  laser  injury,  which  is  also  known  to  cause  mechanical/thermal  disruption  of 
retinal  architecture  as  well  as  retinal  and  choroidal  vascular  occlusion  causing  ischemic  changes  of 
the  retina^ 

3.2.3  Hypothesis 

We  hypothesized  that  in  laser-induced  retinal  lesions,  lipid  peroxidation  aggravates  the 
primary  thermal  and/or  mechanical  injury.  Hence.  MP,  a  lipkJ  peroxidation  inhibitor  and  a 
benefactor  in  the  treatment  of  traumatic  spinal  cord  injury,  may  ameliorate  retinal  injury  induced  by 
laser.  In  addition,  the  anti-inflammatory  action  of  methylprednisolone  may  also  play  a  role  in 
minimizing  the  tissue  reactions  and  hence  a  beneficial  effect  after  laser  Injury  may  be  achieved 
(see  diagram  2,). 

To  test  our  hypothesis,  we  applied  criteria  from  ophthalmoscopic  examination,  fundus 
photography,  and  fluorescein  angiography,  histopathology,  as  well  as  morphometry  to  evaluate 
the  efficacy  of  high  dose  of  methylprednisolone  (MP)  in  laser-irtduced  retinal  lesions  in  monkeys. 

In  addition,  we  examined  three  treatment  regimens  of  MP  to  determine  the  possible  window  of 
treatment.  These  studies  were  described  in  the  latter  part  of  this  chapter. 

3.3  Methods 

3.3.1  Characterization  of  sub-human  primate  model  of  non-hemorrhagic  retinal 

laser  injury 

All  animals  were  treated  in  accordance  with  the  Association  for  Research  in  Vision  and 
Ophthalmology  Resolution  on  the  Use  of  Animals  in  Research.  At  least  four  lesions,  each  of 
Grades  II  and  III,  were  inflicted  in  comparable  areas  of  the  retina  in  each  of  the  six  monkey  eyes  by 
a  continuous-wave  argon  (CW  Argon)  laser  (Coherent  Medical  920,  Palo  Alto,  CA)  with  a  slit  lamp 
delivery  system  (Carl  Zeiss,  Thornwood,  NY)  and  a  custom  made  glass  contact  lens.  Previous 
studies  were  conducted  to  determine  the  parameters  of  the  continuous-wave  Argon  (CW  Argon) 
laser  required  to  generate  these  lesions  in  the  retina  consistently  using  clinical  and  histopathologic 
criteria.  The  energy  setting  of  the  laser  was  determined  to  be  0.1 , 0.25  or  0.7  W  for  Grades  I,  II  and 
III  respectively.  A  spot  size  of  800  micron  spot  size  at  the  comeal  level  and  0.1  sec  exposure 
duration  were  employed.  The  energy  output  was  monitored  using  a  radiometer  (Model  200, 
Photodyne  Inc.,  Newburry  Park.  CA).  The  clinical  features  of  the  laser  lesions  were  studied  by 
ophthalmoscopic  examination  and  recorded  by  fundus  photography  and  fluorescein  angiography. 
The  lesions  were  examined  at  3. 10,  20,  and  up  to  90  days  after  injury.  The  eyes  were  enucleated 
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and  fixed  in  4%  paraformeildehyde  and  1%  glutaraldehyde,  post  fixed  in  Dalton's  osmium  fixative, 
dehydrated  in  alcohol,  and  embedded  in  epoxy  resin.  One  micron  serial  sections  were  cut  until  the 
center  of  the  lesion,  which  was  defined  by  the  largest  morphometric  indices  described  below,  was 
reached  and  studied  by  tight  microscopy. 

Morphometric  indices  based  on  histopathologic  features  were  used  to  quantify  the 
effectiveness  of  drug  treatment.  We  measured  the  width  of  the  disrupted  photoreceptor  layers, 
representing  the  extent  of  the  total  loss  (absence)  of  photoreceptor  cells,  and  the  width  of 
depigmented  RPE,  representing  the  extent  of  damage  to  the  RPE  (see  diagrams).  For  Grade  II 
lesions,  4  lesions  each  for  3, 10,  and  20  days  after  the  injury  were  examined.  For  Grade  III  lesions, 
15  control  lesions  from  4  eyes  of  2  animals  at  3  (4  lesions),  10  (4  lesions),  20  (4  lesions),  and  90  (4 
lesions)  days  after  injury  were  examined. 

3.3.2  Efficacy  of  methylprednisolone  in  non-hemorrhagic  retinai  iaser  injury 

Fifteen  Grade  III  lesions  which  showed  damage  extending  from  choroidal  capillaries,  RPE, 
outer  nuclear  to  inner  nuclear  layers,  and  with  gg  retinal  or  choroidal  hemorrhages,  from  four  eyes 
of  three  Cynomolgus  monkeys  were  examined  in  the  treatment  groups.  Ten  days  after  laser  injury 
was  selected  for  evaluating  the  efficacy  of  methylprednisolone.  Fc  the  drug  treatment  studies  all 
retinai  lesions  were  followed  clinically  and  eyes  were  enucleated  10  days  after  injury.  The  retina 
was  fixed  in  4%  paraformaidehyde  and  1%  giutaraldehyde,  postfixed  in  Dalton’s  osmium  fixative, 
dehydrated  in  alcohol  and  embedded  in  epoxy  resin.  One-micron  serial  sections  were  cut  until  the 
center  of  the  lesion,  defined  as  the  widest  diameter  of  the  lesion  determined  by  morphometric 
measurements,  was  reached. 

3.3.2. 1  Administration  of  methylprednisolone 

A  swivel  tethering  system  (Alice  King  Chatham  Medical,  Los  Angeles,  CA) 
and  a  syringe  pump  (Model  355,  Sage  Instrument,  Boston,  MA)  were  used  for  continuous 
intravenous  infusion  of  methylpreonisolone  (Upjohn,  Kalamazoo,  Ml)  in  saline  in  the  animals.  The 
doses  used  were  comparable  to  those  of  the  Second  National  Acute  Spinal  Cord  Injury^^. 
Methylprednisolone  was  administered  at  three  different  regimens  (see  diagram  4); 

Treatment  /;  An  initial  dose  of  30  mg/kg  was  given  intravenously  24  hours  before  laser 
injury.  Continuous  infusion  of  methylprednisolone  at  5.4  mg/kg/hr  began  1  hour  after  the  first 
injection,  and  continued  for  3  days  after  laser  injury  for  a  total  treatment  of  4  days.  A  total  of  7 
lesions  from  two  eyes  of  two  animals  were  studied. 

Treatment  II:  An  initial  dose  of  30  mg/kg  of  methylprednisolone  was  given  intravenously 
to  one  anirrral  immediatelv  after  laser  injury  to  the  retina.  Corrtinuous  infusion  of 
methylprednisolone  at  5.4  mg/kg/hr  began  1  hour  after  laser  arxf  continued  for  4  days.  Four  ■ 
lesions  from  orre  eye  were  studied. 
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Treatment  III:  A  loading  dose  of  30  mg/kg  of  methylprednisolone  was  given  intravenously 
immediately  after  laser  injury.  Continuous  infusion  of  methylprednisolone  at  5.4  mg/kg/hr  began  1 
hour  after  the  laser  injury  and  continued  for  8  hours  after  laser  injury.  Four  lesions  from  one  eye  of 
a  single  monkey  were  studied. 

3.3.2.2  Morphometric  evaluation 

The  width  of  the  disrupted  photoreceptor  layers  and  the  width  of  the  depigmented  RPE  of 
the  retinal  lesions  were  measured  (see  diagram  5).  Since  all  laser  lesions  were  less  than  600 
microns  in  diameter,  the  number  of  remaining  paralesional  photoreceptor  nuclei  within  a  250 
micron  radius  from  the  center  of  the  lesion  was  counted.  This  value  was  compared  with  the 
number  of  photoreceptor  nuclei  from  the  same  section  taken  from  areas  unaffected  by  the  laser 
burn  and  reported  as  the  percentage  of  the  residual  photoreceptor  cells. 

3.4  Results 

3.4.1  Characterization  of  sub-human  primate  model  of  non-hemorrhagic  retinal 
laser  injury  without  medication 

3.4. 1.1  Histopathologic  features  of  Grades  II  and  III  lesions  in  normal  monkeys 
without  medication 

Figure  3.1  showed  sections  of  Grade  II  retinal  lesions  from  3  days  up  to  20  days  after  laser 
treatment.  At  3  days  (A)  after  laser  injury,  choriocapillaries  showed  partial  narrowing.  Retinal 
pigment  epithelium  exhibited  total  necrosis  with  macrophages  at  the  edge  of  the  lesion.  The  outer 
segments  showed  coagulative  necrosis  and  the  inner  segment  showed  focal  densification.  The 
outer  nuclear  layer  had  total  coagulative  necrosis  with  pyknotic  nuclei.  The  outer  plexiform  layers 
were  vacuolated.  The  inner  nuclear  layers  and  inner  retina  were  unremarkable.  At  10  days  (B) 
after  the  injury,  the  choriocapillaries  were  patent.  The  RPE  exhibited  regeneration  (single  layer).  A 
few  pigment-ladened  macrophages  in  the  subretinal  space  were  noted.  Outer  segments  and  inner 
segments  were  totally  absent.  There  was  total  loss  of  outer  nuclear  layer  at  the  center  of  the 
lesion.  The  inner  retina  appeared  to  be  unremarkable.  At  20  days  (C)  after  injury,  the 
choriocapillaries  were  opened.  RPE  showed  proliferative  reaction  focally.  There  was  a  decrease  in 
the  number  of  macrophages  but  they  could  still  be  seen  in  the  subretinal  space.  At  the  center  of 
the  lesions  there  was  total  absence  of  outer  nuclear  layer,  and  pyknotic  nuclei  were  still  noted  at 
the  periphery  of  the  lesion.  Edema  of  the  outer  plexiform  layer  subsided.  The  inner  layer  appeared 
unremarkable. 

Figure  3.2  showed  Grade  III  retinal  lesions  from  3  days  up  to  90  days  after  laser  insult.  At  3 
days  (A)  after  the  injury,  the  width  of  the  lesion  appeared  to  be  larger  than  Grade  II  lesions.  The 
choriocapillaries  were  occluded.  RPE  was  necrotic.  Macrophages  were  noted  at  the  edge  of  the 
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lesion.  Both  outer  and  inner  segments  showed  coagulative  necrosis.  There  was  total  loss  of 
photoreceptor  cells  at  the  center  of  the  lesion  and  pyknotic  nuclei  were  noted  at  the  periphery. 

The  inner  nuclear  layer  showed  pyknotic  nuclei  with  coagulated  necrosis  and  edema.  At  10  days 
(B)  after  laser  injury,  the  choriocapillaries  remained  occluded.  There  was  active  RPE  proliferation. 
Pigment-laden  macrophages  were  noted.  There  was  total  loss  of  outer  nuclear  layer  at  the  center 
of  the  lesion.  Macrophagic  cells  were  noted  in  the  inner  retina.  The  inner  nuclear  layer  showed 
focal  necrosis  and  scattered  pyknotic  nuclei  were  noted.  At  20  days  (C)  after  the  injury  the 
choriocapillaris  was  partially  open  but  appeared  to  be  narrowed.  Multi-layered  RPE  cells  were 
noted  with  macrophages  in  the  subretinal  space.  There  was  total  loss  of  photoreceptor  cells.  In 
the  inner  retina,  vacuolization  and  edema  were  noted.  There  was  also  loss  of  inner  nuclei  and 
pyknotic  nuclei.  A  90  days,  the  choriocapillaries  (D)  were  partially  opened.  Mild  RPE  proliferation 
was  noted.  The  photoreceptor  cells  were  totally  absent  at  the  c  nter  of  the  lesion.  A  few 
macrophages  were  observed  to  aggregate  in  subretinal  space  as  well  as  in  the  inner  nuclear  layer. 
Also  seen  were  some  nuclei  from  the  inner  nuclear  layer  which  slipped  down  into  the  gap  left  by 
the  outer  nuclear  layer.  The  inner  plexiform  layer  was  unremarkable. 

3.4. 1.2  Morphometry  of  Grades  il  and  III  control  lesions 

Figure  3.3  showed  that  measurements  of  the  outer  nuclear  layer  gap  and  the  retinal 
pigment  epithelial  depigmentation  in  Grade  II  lesions  were  dependent  on  the  time  after  injury.  Both 
parameters  showed  a  sharp  decrease  from  3  days  to  10  days  and  remained  unchanged  from  10  to 
20  days  after  laser  injury. 

Figure  3.4  depicts  the  morphometric  changes  of  the  control  Grade  III  retinal  laser  lesions 
with  time  ranging  from  3  to  90  days  after  laser  exposure.  The  initial  width  of  the  depigmented  RPE 
in  the  retinal  lesions  3  days  after  exposure  was  637  49  urn  (n=5)  and  showed  a  mild  decrease 

from  3  days  to  10  days  (not  statistically  significant).  However,  a  total  reduction  of  22%  from  day  3 
to  day  90  (505  ^  35  urn,  n=3)  was  statistically  significant  (P<0.02,  Fig  3.4A).  At  3  days  after  injury, 
the  outer  nuclear  layer  gap  (Fig  3.4B)  representing  the  total  absence  of  photoreceptor  cells  at  the 
center  ''f  the  lesion  was  378  ±  10  urn  (n  =  4),  but  was  reduced  by  47%  in  the  first  20  days  to  183  jt 
32  urn  (n  =  4)  and  further  narrowed  to  101  jt  6  um  (n=3)  90  days  after  injury.  The  remaining 
photoreceptor  cells  in  the  affected  area  (500  um  width)  were  expressed  as  a  percentage  of  the 
normal  population  of  photoreceptors  and  were  only  8%  of  normal  at  3  days  (Fig  3.4C).  However, 
at  20  days  after  injury,  the  photoreceptor  cell  counts  in  the  affected  area  were  increased  to  58% 
and  remained  unchanged  at  approximately  50%  until  90  days. 

Figure  3.5  showed  the  relationship  between  the  laser  energy  and  the  outer  nuclear  gap, 
and  the  retinal  pigment  epithelium  depigmentation  measured  at  10  days  after  injury.  There  was 
linear  relationship  between  the  energy  applied  and  the  parameters  measured:  namely  the  outer 
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layer  gap  and  the  retinal  pigment  epithelium  depigmentation. 


3.4.2  Efficacy  of  methylprednisolone  in  non-hemorrhagic  retinal  laser  injury 

The  efficacy  of  methylprednisolone  was  tested  in  Grade  III  retinal  lesions  by  clinical, 
morphologic,  and  morphometric  retina. 

3.4.2.1  Clinical  features 

Figures  3.6  and  3.7  illustrate  the  ophthalmoscopic  and  fluorescein  angiographic 
appearance  of  the  retinal  laser  lesions  in  the  control  and  the  three  treatment  regimens  groups  at  3 
days  (Fig.  3.6),  and  10  days  (Fig.  3.7)  after  laser.  Three  days  after  injury,  the  control  retinal  lesions 
had  a  dense  whitish  center  with  a  grayish  ring  at  the  periphery  (Fig  3.6A).  Ruorescein  angiogram 
showed  extensive  fluorescein  leakage  (Fig  3.6B).  In  contrast,  the  retinal  lesions  treated  by 
Regimen  I  at  three  days  after  laser  exhibited  a  smaller  spot  size  and  a  mild  grayish  appearance 
without  a  dense  whitish  center  (Fig  3.6C).  These  lesions  also  leaked  fluorescein  diffusely  (Fig 
3.6D).  The  retinal  lesions  treated  by  Regimen  II  had  a  whitish  center  and  grayish  ring  (Fig  3.6E). 
but  the  whitish  center  appeared  to  be  smaller  and  comparable  leakage  of  fluorescein  was  noted 
(Fig  3.6F).  The  retinal  lesions  treated  by  Regimen  III  were  comparable  to  the  control  retinal  lesions 
showing  a  whitish  center  with  a  grayish  ring  ophthalmoscopically  (Fig  3.6G)  and  leaked  fluorescein 
diffusely  (Fig  3.6H). 

Ten  days  after  laser  injury  the  control  retinal  lesions  became  grayish  with  a  diminishing 
whitish  center  with  an  irregular  edge  (Fig  3.7A).  Ruorescein  angiogram  showed  only  mild 
hyperfiuorescence  at  the  periphery  of  the  lesion  with  a  hypofluorescent  center  (Fig  3.7B).  The 
retinal  laser  lesions  treated  by  Regimen  I  showed  faint  grayish  lesions  with  irregular  outline  (Fig 
3.7C)  and  exhibited  mild  staining  in  the  central  area  of  the  lesions  with  a  hypofluorescent  periphery 
(Fig  3.7D).  The  retinal  laser  lesions  treated  by  Regimen  II  revealed  relatively  faint  grayish  color  with 
small  grayish-brown  centers  (Fig  3.7E).  Fluorescein  angiography  showed  staining  in  the  periphery 
of  the  lesion  with  a  hypofluorescent  center  (Fig  3.7F).  The  retinal  laser  lesions  treated  by  Regimen 
ill  were  grayish  with  a  grayish-brown  center  (Fig  3.7G).  Ruorescein  angiography  showed 
hyperfiuorescence  in  the  periphery  with  a  hypofluorescent  center  (Fig  3.7H),  which  was  smaller  but 
comparable  to  the  control  lesions. 

3.4.2.2  Histopathologic  Studies 

Figure  3.8  shows  the  histopathologic  changes  10  days  after  laser  exposure  of  the  control 
retinal  lesions  (Fig  3.8A)  and  those  treated  with  regimens  I,  II,  and  III  (Fig  3.8  B,C,D,). 

Control  Group:  Ten  days  after  the  laser-injury  in  the  control  lesions  (Fig  3.8A),  the 
choriocapillaris  and  the  medium-sized  choroidal  vessels  (O)  at  the  center  of  the  control  lesions 
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were  occluded  and  the  lumina  of  the  choriocapillaris  at  the  periphery  of  the  lesion  were  narrow. 
Bruch’s  membrane  appeared  intact.  At  the  periphery  of  the  lesion,  the  RPE  (R)  proliferated  to  form 
two  to  three  layers  of  flattened  cells  over  Bruch's  membrane.  Aggregates  of  pigment-laden 
macrophages  (M)  migrated  into  the  subretinal  space.  Photoreceptor  nuclei,  the  inner  and  outer 
segments,  the  external  limiting  membrane  and  outer  plexiform  layer  were  completely  absent  at  the 
center  of  the  lesion  (between  arrows),  while  at  the  periphery  of  the  lesion  the  inner  and  outer 
segments  were  shortened.  The  outer  nuclear  layer  showed  a  few  remaining  pyknotic  nuclei  (arrow 
heads)  at  the  edges  of  the  lesion.  The  inner  nuclear  layer  was  disrupted  at  the  center  of  the  lesion 
and  approximated  the  subretinal  space.  Pigment-laden  macrophages  and  proliferated  RPE 
invaded  into  the  inner  retinal  layers.  The  inner  plexiform  layer  was  mildly  vacuolated.  The  retinal 
ganglion  cells  and  the  nerve  fiber  layer  remained  unremarkable. 

Treatment  Regimen  I:  In  contrast,  in  the  lesions  treated  with  Regimen  I  (Fig  3.8B),  the 
choriocapillaris  and  deeper  choroidal  vessels  were  patent  (V).  Bruch’s  membrane  appeared  intact. 
The  depigmented  RPE  cells  (R)  proliferated  into  one  to  two  layers  covering  Bruch’s  membrane. 
Few  pigment-laden  macrophages  (M)  migrated  into  subretinal  space.  The  nuclei  and  the  inner  and 
outer  segments  of  the  photoreceptors  were  absent  at  the  center  of  the  lesion  (between  arrows)  but 
the  outer  limiting  membrane  was  re-formed.  The  outer  nuclear  layer  was  largely  replaced  with 
Muller  cell  processes.  A  few  pyknotic  nuclei  (arrow  heads)  were  also  noted  at  the  edge  of  the 
lesion.  The  outer  plexiform  layer  at  the  periphery  of  the  lesion  showed  loss  of  cone  pedicles  and 
rod  spherules  and  was  invaded  by  a  few  macrophages.  The  outer  portion  of  the  inner  nuclear 
layer  exhibited  a  few  pyknotic  nuclei.  The  inner  plexiform  layer,  ganglion  cell  layer,  nerve  fiber 
layer  and  inner  limiting  membrane  appeared  normal. 

Treatment  Regimen  II:  In  the  retinal  lesions  treated  with  Regimen  II  (Fig  3.8C)  the 
choriocapillaris  was  occluded  at  the  central  part  of  the  lesion  and  medium-sized  choroidal  vessels 
were  occasionally  occluded  (0).  Bruch's  membrane  appeared  intact  and  the  RPE  (R)  proliferated 
into  two  to  three  layers.  A  layer  of  pigment-laden  macrophages  (M)  was  seen  anteriorly  to  the 
proliferated  depigmented  RPE  cells.  The  nuclei  and  outer  and  inner  segments  of  photoreceptor 
cells  were  absent  (between  arrows)  at  the  center  of  the  lesion  but  the  outer  limiting  membrane  was 
re-formed.  The  outer  nuclear  layer  was  replaced  by  Muller  cells  processes.  At  the  edge  of  the 
lesion  a  few  pyknotic  photoreceptor  nuclei  were  present  and  the  outer  plexiform  layer  showed  loss 
of  cone  pedicles  and  rod  spherules.  A  few  pyknotic  cells  (arrow  heads)  were  noted  at  the  outer 
portion  of  the  inner  nuclear  layer.  Pigment-laden  macrophages  invaded  both  the  outer  plexiform 
layer  and  the  inner  nuclear  layer,  and  were  occasionally  found  in  the  ganglion  cell  layer.  The  nerve 
fiber  layer  and  inner  limiting  membrane  appeared  unremarkable. 

Treatment  Regimen  III:  In  the  retinal  lesions  treated  with  Regimen  III  (Fig  3.8D).  the 
choriocapillaris  (0)  was  occluded  at  the  center  of  the  lesion  and  the  medium-sized  choroidal 
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vessels  were  patent.  Bruch’s  membrane  appeared  intact.  The  retinal  pigment  epithelium  (R) 
showed  placoid  proliferation  into  two  to  three  layers.  The  nuclei  and  inner  and  outer  segments  of 
the  photoreceptors  had  completely  disappeared  at  the  center  of  the  lesion  (between  arrows),  and 
aggregates  of  the  pigment-laden  macrophages  (M)  were  present  in  the  subretinal  space.  The 
outer  plexiform  layer,  inner  nuclear  layer,  and  inner  plexiform  layer  were  focally  disrupted  and 
infiltrated  by  pigment-laden  macrophages.  A  few  migrated  pigment-laden  macrophages  had 
wandered  into  the  ganglion  cell  and  nerve  fiber  layers. 

3.4.2.3  Morphometric  Measurements 

Figure  3.9  shows  the  effect  of  different  treatment  regimens  on  laser-induced  lesions  on  the 
morphometric  parameters  measured  10  days  after  the  initial  insult.  Measurements  of  all  three 
parameters,  including  the  width  of  depigmented  RPE  (Fig  3.9A),  the  outer  nuclear  layer  gap  (Fig 
3.9B),  and  the  percentage  of  remaining  photoreceptor  nuclei  (Fig  3.9C),  showed  a  beneficial  effect 
of  methylprednisolone  treatment  with  Regimen  I  and  II,  but  not  with  Regimen  III.  In  all  three 
parameters.  Treatment  Regimen  I  appeared  to  be  more  beneficial;  however,  there  was  no 
statistically  significant  difference  between  Treatment  Regimen  I  and  II  in  all  three  measurements. 

In  the  control  group,  RPE  depigmentation  was  574  +.  30  um  while  methylprednisolone  Treatment 
Regimen  I  reduced  the  RPE  depigmentation  by  30%  (400  +.49  um  P<0.01),  and  Treatment 
Regimen  II  reduced  by  27%  to  416  ±  56  um  (P<0.02)  and  Treatment  Regimen  III  showed  no 
significant  difference  (532  +^43  um)  (Fig  3.9A).  Similarly,  methylprednisolone  Treatment  Regimen  I 
reduced  the  outer  nuclear  layer  gap  by  53%  (247  +.23  um  to  107  +.44  um,  P<0.01),  whereas 
under  Treatment  Regimen  11,  the  outer  nuclear  layer  gap  was  reduced  by  32%  to  160  ±  17  um 
(P<0.02).  Treatment  Regimen  lil  showed  no  change  (246  +.  12  um,  P>0.8)  (Fig  3.9B).  Study  of 
the  remaining  photoreceptor  cells  in  the  affected  area  (Fig  3.9C),  showed  that  Treatment  Regimen  I 
had  twice  the  number  of  photoreceptor  cells  compared  with  the  controls  (68  +.  12%  vs  32  ±  6%, 
P<0.01).  Treatment  Regimen  II  appeared  less  effective  but  significantly  more  photoreceptor  cells 
remained  in  the  lesion  area  (44  +.  5%,  P<0.02  vs.  control).  Treatment  III  yielded  no  difference 
compared  with  the  controls  (34  ±  8%,  P>0.8). 

3.5  Comment 

3.5.1  Characterization  of  the  subhuman  primate  model 

We  were  able  to  document  the  histopathological  features  of  2  grades  of  retinal  lesions 
induced  by  laser.  The  two  quantitative  parameters  proposed,  namely  the  outer  nuclear  layer  gap 
and  the  width  of  retinal  pigment  epithelial  depigmentation  appeared  to  be  sufficient  for  the 
evaluation  of  drug  efficacy  as  demonstrated  by  the  linear  dependency  of  the  parameters  on  the 
intensity  of  the  laser. 

Sliding  of  photoreceptor  cells  into  the  lesional  area  after  laser  injury  has  previously  been 


24 


obsen/ed  but  has  not  been  quantitated.  With  the  measurement  of  the  outer  nuclear  layer  gap  after 
laser  injury  and/or  the  percentage  of  photoreceptor  celis  remaining  in  the  lesion  area,  we  were 
able  to  demonstrate  quantitatively  the  movement  of  photoreceptor  cells  into  the  lesion  area  in  the 
control  group  without  methylprednisolone-treatment.  In  Grade  II  lesion,  the  gap  was  reduced  as 
much  as  47%  from  day  3  to  day  20  after  injury  and  reduced  to  74%  at  90  days.  Similar  recovery 
was  observed  in  Grade  III  lesions.  This  dramatic  repair  may  expiain  the  remarkable  recovery  of 
vision  in  patients  after  laser  injury  over  the  period  of  months.  It  will  be  important  to  know  if  this 
repair  is  due  to  the  active  sliding  movement  of  photoreceptor  cells  or  by  passive  push  and  pull  by 
other  elements  such  as  Muller  cells  of  the  retina. 

3.5.2  Effects  of  methylprednisolone  on  the  retinal  lesions 

3.5.2. 1  Efficacy 

This  series  of  experiments  represents  the  first  attempt  of  a  controlled  study  to  evaluate  the 
efficacy  of  three  different  regimens  of  high  doses  of  methylprednisolone  treatment  on  retinal  injury 
induced  by  Argon  laser  with  clinical,  histopathologic,  and  morphometric  criteria.  Under  these 
three  criteria,  treatments  with  Regimens  I  and  II  showed  remarkable  beneficial  effects  on  laser- 
induced  retinal  injury.  Clinically  and  histopathologically,  treatment  with  Regimen  III  also  showed 
improvement;  but  morphometrically,  there  was  no  significant  difference  as  compared  to  control. 
The  fundus  pictures  of  animals  given  Regimen  I,  II,  and  III  suggested  a  rapid  reformation  of  the 
blood-retinal  barrier,  decrease  in  fluorescein  leakage,  and  less  edema.  Histopathologically,  under 
all  Regimens,  the  retina  showed  improved  patency  of  choroidal  vessels,  rapid  and  active 
proliferation  of  RPE  on  Bruch's  membrane,  more  surviving  photoreceptors  in  the  lesioned  area, 
and  rapid  reforming  of  the  outer  limiting  membrane.  Morphometric  criteria  suggested  better 
preservation  of  RPE,  and  more  photoreceptor  cells  in  the  lesion  area  when  Regimens  I  or  ii  were 
given. 

3.5.2.2  Clinical  Pathological  Correlation 

Our  clinical  observations  of  the  control  and  treatment  lesions  at  10  days  after  laser  insult 
showed  remarkable  correlation  with  their  corresponding  histopathologic  features.  In  the  control 
group,  infiltration  of  pigment-laden  macrophages  into  the  centrai  portion  of  the  lesion  observed 
histopathologically  was  consistent  with  a  grayish-brown  appearance  in  the  fundus  photography 
and  a  hypofluorescent  center  in  fluorescein  angiography.  Similarly,  active  leakage  of  fluid  from 
RPE  at  the  periphery  of  the  lesion  noted  was  consistent  with  the  whitish  edges  of  lesions  in  fundus 
picture  and  mild  hyperfluorescence  at  the  edges  of  the  lesions  in  fluorescein  angiography.  Under 
Regimen  I,  limited  infiltration  of  pigment-laden  macrophages  into  the  central  area  of  the  lesion,  and 
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accumulation  of  pigment-laden  macrophages  at  the  periphery  of  the  lesion  gave  rise  to  whitish 
lesions  in  fundus  photography  and  a  hypofluorescence  center  with  a  hyperfluorescence  edge  in 
fluorescein  angiography.  Likewise,  with  Regimens  II  and  III,  infiltration  of  pigment-laden 
macrophages  into  the  center  of  the  lesion  caused  a  grayish  center  with  whitish  edges  on  fundus 
examination  and  a  hypofluorescence  center  with  mild  hyperfluorescence  edges  in  fluorescein 
angiography. 

3.5.2.3  Dose  and  window  of  treatment 

In  contrast  to  most  ophthalmic  uses  of  corticosteroids,  we  employed  a  high  dose  of 
methylprednisolone  (30  mg/kg  intravenous  bolus  injection  followed  by  5.4  mg/kg/hr).  This 
dosage  was  chosen  because  of  experimental  data  suggesting  its  efficacy  in  various  animal  models 
of  the  central  nervous  system  injuries  and  its  proven  efficacy  in  the  Second  National  Clinical  Trial 
Study  of  Acute  Spinal  Cord  Injury^'^.  It  has  been  also  reported  that  doses  lower  or  higher  than  the 
recommended  dose  were  not  effective^®’^®’^^ .  Instead  of  administrating  for  24  hours  as  the 
published  clinical  trial  study,  we  arbitrarily  prolonged  the  administration  to  4  days  after  laser  injury 
to  inhibit  possible  other  degenerative  processes.  Since  we  demonstrated  that  8  hours  of  treatment 
showed  only  limited  effects  and  was  not  as  effective  as  4  days,  it  is  very  likely  that  the  effective 
period  of  treatment  might  be  between  8  hours  and  4  days.  Further  experiments  are  needed  to 
determine  the  window  of  treatment  and  the  effective  period  of  treatment. 

3.5.2.4  Effects  on  choroidal  vessels 

At  the  center  of  the  control  lesions,  medium-sized  choroidal  vessels  and  choriocapillaries 
were  occluded.  In  all  treated  lesions,  the  choriocapillaries  and  choroidal  vessels  showed  different 
degrees  of  beneficial  effects.  Treatment  Regimen  I  was  the  most  effective  one,  and  the 
choriocapillaries  and  choroidal  vessels  in  those  lesions  were  remarkably  patent  while  lesions  in 
Treatment  regimens  II  and  III,  showed  some  occlusion  of  mid-sized  choroidal  vessels  and 
choriocapillaries.  Hence,  the  effectiveness  of  the  treatment  appeared  to  be  partially  related  to  the 
patency  of  choroidal  vessels.  Since  high  doses  of  steroids  are  known  to  have  dilating  and 
protective  effects  on  microcirculation,  the  patency  of  choroidal  vasculature  in  the  treated  groups 
may  contribute  to  diminished  ischemic  damage  of  the  retinal  tissues,  and  hence,  better  outcome. 
This  observation  is  also  consistent  with  the  hypothesis  that  retinal  laser  injury  may  have  an 
ischemic  component. 

3.5.2.5  Effects  on  RPE 

Functional  integrity  of  the  RPE  has  been  proposed  to  be  vital  for  effective  photoreceptors. 
Both  our  clinical  and  histopathologic  features  in  the  treated  retinas  suggested  a  rapid  re- 


26 


establishment  of  the  blood-retinal  barrier  at  the  RPE  in  the  treated  groups.  It  appears  that 
methylprednisolone  expedites  the  rebuilding  of  the  blood-retinal  barrier  with  restoration  of  RPE 
functions,  thereby  limiting  other  secondary  injurious  changes  to  the  photoreceptor  cells.  However, 
in  the  8  hours  treatment  Regimen  (Treatment  Regimen  III),  while  remarkable  RPE  regeneration  was 
noted,  there  were  no  ameliorative  effects  on  injury  to  the  photoreceptor  cells.  Other  factors  might 
play  a  role  in  the  reparative  process. 

3.5.2.6  Effects  on  outer  limiting  membrane 

Histopathologically,  in  all  treated  groups,  there  was  a  rapid  reforming  of  the  outer  limiting 
membrane  by  the  Muller  cells.  This  observation  suggested  that  methylprednisolone  might  also  act 
on  Muller  cells.  However,  this  effect  on  Muller  cells  may  not  have  a  major  role  in  photoreceptor 
rescue  since  Regimen  III  showed  similar  reformation  of  the  outer  limiting  membrane  but  limited 
overall  beneficial  effect. 

3.5.2.7  Effects  on  photoreceptors 

Morphometric  indices  suggested  more  photoreceptor  cells  in  the  retinas  given 
methylprednisolone  in  Regimens  I  &  II.  In  the  control  lesions,  there  is  movement  of  adjacent 
photoreceptor  cells  into  the  center  of  the  lesion  after  injury.  This  beneficial  effect  of 
methylprednisolone  may  be  due  to  (1)  the  preservation  of  photoreceptor  cells,  or  (2)  the  promotion 
of  the  repair  of  photoreceptor  cells.  Further  studies  are  needed  to  examine  these  possibilities. 

3.5.2.8  Mechanisms  of  methylprednisolone 

The  mechanisms  of  the  action  of  methylprednisolone  in  CNS  and  spinal  cord  injuries  may 
be  multifaceted  and  included:  (a)  to  reduce  edema,  (b)  to  moderate  anti-inflammatory  reaction,  (c) 
to  maintain  microvascular  integrity,  (d)  to  reduce  potassium  loss,  (e)  to  attenuate  oxygen  free 
radical  reactions  with  the  reduction  of  lipid  peroxidation,  (0  to  enhance  sodium  and  potassium 
ATPase  activity,  (g)  to  cause  hyperpolarization  of  neuron-resting  membrane  potentials,  and  (h)  to 
accelerate  impulse  conduction  along  the  axons^^.  However,  inhibition  of  lipid  peroxidation  is 
believed  to  be  the  major  factor^'^'^^ .  Similarly,  MP  may  work  in  retinal  laser  injury  through  some 
of  those  mechanisms  with  inhibiting  lipid  peroxidation  as  a  major  factor. 

It  has  been  proposed  that  laser-induced  retinal  injuries  were  caused  by  three  basic 
mechanisms,  namely,  photochemical,  mechanical,  and  photodisruption;  but  there  is  limited 
evidence  of  lipid  peroxidation  in  the  retina  after  laser.  Photochemical  injury  by  laser  has  been 
suggested  by  the  observation  that  ophthalmologists  involved  in  laser  therapy  had  lower  sensitivity 
to  blue  light.  Cai  et  ai^  recently  reported  that  Argon  laser  injury  to  the  rabbit  retina  caused 
increased  levels  of  malondialdehyde  (MDA),  a  product  of  these  lipid  peroxidation,  in  the  retina  at 
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24  hours  after  the  initial  insult.  The  authors  went  on  to  suggest  that  lipid  peroxidation  products  are 
probably  due  to  photochemical  injury  by  laser  to  the  retina.  Hence,  it  is  possible  that 
methylprednisolone  may  inhibit  the  formation  of  toxic  products  from  lipid  peroxidation  by 
photochemical  injury  to  the  retina  by  laser  or  other  mechanisms. 

3.5.2.9  Summary 

In  summary,  this  report  demonstrates  that  we  established  a  reproducible  primate  model 
for  evaluating  drug  efficacies  for  retinal  laser  injury.  In  addition,  we  demonstrated  that  choroidal 
vessel  alterations  and  the  disruption  of  the  blood-retinal  barrier  as  well  as  photoreceptor  and  Muller 
cell  responses  after  injury  may  be  modified  with  high  doses  of  methylprednisolone.  These  findings 
suggested  that  high  doses  of  methylprednisolone  for  an  appropriate  period  might  be  beneficial  to 
the  patients  after  laser  injury. 
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High  doee  ■athylprednisolone 


Diagram  2:  Proposed  sites  of  action  of  methvlDrednisolonp 
and  tissue  plasminogen  activator  (t-PA)  ^  ^  ° 
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ADMINISTRATION 


Dose:  30nig/kg  Bolus:  I.V. 

5.4  mg/kg/hr  Continuous  I.V.;  started  1  hour  after  bolus  injection 


Regimen 


Diagram  5:  Illustration  of  morphometric  indice  for  laser  lesion. 
Outer  nuclear  layer  (OIML)  gap  {/U  and  depigmentation  width  of 
retinal  pigmented  epithelium  (RkE)  (B)  were  measured  as 
shown. 


A  . 


Fig  3.1:  Histopathologic  changes  of  Grade  II  laser  lesions  at  3 
(A),  10  (B),  and  20  (C)  days  after  iniuiy  in  primate.  For 
description,  see  text  3.4^.  1 


Fiq  3.2:  Histopathologic  changes  of  Grade  ill  laser  lesions  at  3 
(A),  10  (B),  20  (C),  ana  90  (D)  days  after  injury  in  primate.  For 

description,  see  text  3.4.1 


ONL  Gap 


RPE  Depigmentation 


Fig  3.4  Morphometric  chanoes  of  the  control  Grade  III  laser  lesions  with  time 
after  exposures.  A.  Change  ofthe  width  of  the  depigmented  RPE  region  according 
to  time  after  exposure.  B.  Change  of  the  ONL  gap  according  to  time  after 
exposure.  C.  Change  of  the  percentage  of  remaining  photoreceptor  cells  in  the 
affected  area  according  to  time  after  exposure. 
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Fig  3.6:  Ophthalmoscopic  and  fluorescein  angiograpic  appearance  of  Grade  III  (arrows) 
lesions  in  the  control  (A,  B),  Treatment  Regimen  I  (C,  D),  Treatment  Regimen  II  (E,  F),  and 
Treatment  Regimen  III  (G,  H)  groups  at  3  days  after  laser  exposure.  Retinal  lesions  of 
varying  severity  (Grade  II  and  Grade  III)  were  inflicted  by  CW  Argon  laser  in  the  posterior 
retina  of  Cynomolgus  monkeys  and  only  those  of  Grade  III  (arrows)  were  illustrated.  For 
lescriotion.  see  text  3. 4.2.1. 


Ftg  3.7;  Ophthalmoscopic  and  fluorescein  angiograpic  appearance  of  Grade  III  (arrows) 
lesions  in  the  control  (A,  B),  Treatment  Regimen  I  (C,  D),  Treatment  Regimen  II  (E.  F),  and 
reatment  Regimen  HI  (G.  H)  groups  at  10  days  after  laser  exposure.  Retinal  lesions  of 
varying  severity  (Grade  II  and  Grade  III)  were  inflicted  by  CW  Argon  laser  In  the  posterior 
retina  of  Cynomolgus  monkeys  and  only  those  of  Grade  III  (arrows)  were  illustrated.  For 
description,  see  text  3.4.2.I. 


Fiq  3.8  Histopathologic  studies  of  retinal  lesions  of: 

iA]  Control 
B  Treatment  Regimen  I 
C  Treatment  Regimen  II 
D)  Treatment  Regimen  III 

For  description,  see  text  3.4.2.2. 


Fig  3.9:  The  effects  of  different  treatment  regimens  on  laser-induced  lesions:  (A) 
the  width  of  depigmented  RPE  area;  (B)  outer  nuclear  layer  gap:  and  (C)  the 
percentage  of  the  remaining  photoreceptor  nuclei  measurecTat  i0  days  after  the 
initial  insult. 


Chapter  4 

Ultrastructural  modification  by  high  dose  methylprednisolone  on  laser-induced  injury  of  the 

monkey  retina 


4.1  Introduction 

Pharmacologic  studies  of  disease  processes  not  only  provide  information  on  the 
therapeutic  value  of  the  test  agents  but  also  insight  to  the  mechanism  of  drug  actions.  Since  we 
observed  a  beneficial  effect  of  MP  in  non-hemorrhagic  retinal  laser  injury  (Chapter  3),  we  decided 
to  conduct  ultrastructural  studies  with  electron  microscopy  to  examine  the  lesions  after  injury  to 
gain  further  insight  into  the  tissue  and  cellular  responses  with  and  without  drug  treatment. 

Findings  were  grouped  into  observations  in  the  central,  peripheral,  and  paralesional  areas  of  the 
lesions  examined. 

4.2  Method 

The  methods  were  the  same  as  in  Chapter  3.  The  animals  were  given  treatment  regimen  I; 
namely  prophactic  and  continuous  methylprednisolone  treatment  for  4  days  and  showed  the  most 
beneficial  effects  of  treatment  by  clinical,  histopathologic  and  morphologic  criteria.  Electron 
microscopic  examination  was  done  on  lesions  of  3  and  10  days  after  laser  injury.  The  most 
representative  retinal  lesions  were  selected  from  each  group  and  thin  sections  were  obtained  on 
the  75/300  nickel  grids.  They  were  stained  with  uranyi  acetate  and  lead  citrate,  and  were 
examined  by  electron  microscopy  (Hitachi  600,  Hitachi,  Tokyo,  Japem).  For  the  purpose  of 
description,  the  laser  lesions  were  divided  into  three  regions,  namely,  center  of  the  lesion, 
periphery  of  the  lesion  and  paralesional  area.  Bectron  micrographs  were  taken  from  each  areas 
and  compared  between  control  and  MP  treated  groups. 

4.3  Results 


4.3. 1  Ultrastructural  features  of  retinal  lesions  three  days  after  laser  injury 

4.3. 1 . 1  Center  of  the  laser-induced  retinal  lesions 

Control  lesions 

Under  the  electron  microscope.  (Fig  4.1  A,B},  the  choriocapillaries  (CC)  were  completely 
occluded  by  thrombi  composed  of  red  blood  cells,  polymorphonuclear  leukocytes,  platelets  and 
fibrin.  The  endothelial  cells  of  the  CC  were  necrotic  with  granular  cytoplasm  arxi  pyknotic  nuclei, 
but  the  basement  membrane  of  the  CC  were  still  continuous.  The  collagenous  and  elastic  layers  of 
Bruch's  membrane  appeared  intact.  The  plasmaiemma  and  nuclear  membrane  of  the  RPE  were 


41 


totally  disrupted  and  the  watery  cytoplasm  showed  granular  appearance  but  the  melanin  granules 
remained  along  the  apices  of  the  cells.  The  outer  and  inner  segments  also  showed  focal 
densification  in  the  disc  lamellae  (Fig  4.1  B).  The  ONL,  INL,  and  the  OPL  were  collapsed  and  were 
not  identifiable  ultrastructurally.  Macrophages  migrating  into  these  necrotic  area  were 
characterized  by  numerous  phagosomes  containing  the  degenerated  outer  segments  and  necrotic 
cellular  debris  but  few  melanin  granules  (Fig  4.1  B). 

Treated 

The  CC  were  completely  occluded  with  necrosis  of  the  endothelium,  and  fibroblast-like 
cells  were  seen  in  the  vascular  lumen  (Fig  4.2A,B).  The  RPE  showing  granular  appearance  with 
loss  of  membranous  cytoplasmic  structures.  Focal  densification  of  the  disc  membrane  structure  of 
the  outer  and  inner  segments  showed  (Fig  4.2B),  and  the  macrophages  with  phagocytized 
degenerated  inner  and  outer  segment  were  noted  (Fig  4.2A). 

4.3. 1 .2  Periphery  of  the  laser-induced  retinal  lesions 

Control 

Under  electron  microscopy  (Fig  4.3A,B),  the  choriocapiilaris  at  the  periphery  of  the  lesion 
was  occluded  by  thrombi.  The  proliferating  RPE  cells  with  few  melanosomes  and  abundant 
mitochondria  and  cellular  organelles  were  seen  posterior  to  the  necrotic  RPE  (Rg  4.3B).  The 
macrophages  phagocytized  melanin  granules  and  cellular  debris  and  approached  to  the  OLM  in 
the  subretinal  space  (Fig  4.3A).  The  shrunken  photoreceptor  cells  with  densified  cytoplasm  and 
pyknotic  nuclei  were  surrounded  by  intricately  interdigitated  processes  of  the  Muller  cells.  The 
outer  limiting  membrane  consisting  of  zonula  adherent-like  cell  junction  showed  focal  disruption 
(Fig  4.3A).  In  the  OPL,  loss  of  axons  of  the  photoreceptor  cells  and  Muller  cell  processes 
containing  degenerated  synaptic  terminals  with  densified  cytoplasm  arxi  numerous  microvacuoles 
(Fig  4.4A). 

Treated 

The  CC  were  partially  occluded  by  the  thrombi  but  the  lumen  of  the  CC  was  patent  (Rg 
4.5A,B).  The  RPE  cells  with  abundant  intracytoplasmic  melanin  granules  were  beneath  the 
necrotic  RPE.  There  was  very  few  pigment-laden  macrophages  in  the  subretinal  space  (Fig  4.5B) 
when  compared  to  the  control  group  (Fig  4.3B).  The  relatively  intact  photoreceptor  cells  at  the 
edge  of  the  lesion  showed  condensation  of  the  cytoplasm.  However,  the  OLM  was  well  preserved 
in  this  area. 


4.3.1. 3  Paralesionai  area 

Control 


In  the  paralesionai  area,  the  axons  and  synaptic  terminals  of  the  photoreceptor  cells  were 


not  well  aligned,  and  a  noticeable  decrease  In  the  number  of  cone  pedicles  was  in  this  region  (Rg 
4.4B). 

Treated 

In  the  paralesionai  area,  there  were  more  cone  pedicles  and  rod  spherules  in  the  OPL 
when  compared  to  the  control  group  (Fig  4.6). 

4.3.2  Ultrastructural  features  of  retinal  lesions  ten  days  after  laser  injury 

4.3.2.1  Center  of  laser-induced  retinal  lesions 

Control 

Ultrastructurally,  (Fig  4.7A,B},  the  choriocapillaris  were  completely  occluded  in  the  region 
of  the  lesion.  Endothelial  cells  of  the  CC  were  lost  and  invasion  of  the  fibroblast-like  cells  were 
observed  in  the  confine  of  the  remnant  basement  membrane  of  the  CC.  Macrophages  invaded 
between  the  remnant  basement  membrane  of  the  RPE  and  Inner  collagenous  zone  of  the  Bruch's 
membrane  (Fig  4.7B).  The  proliferated  RPE  cells  showed  nuclei  with  dispersed  chromatin  and 
invaginated  nuclear  membrane.  Occasionally,  RPE  with  prominent  nudeoli  and  reticular 
appearance  were  also  seen.  Numerous  mitochondria  and  cytoplasmic  organelles  but  few  melanin 
granules  were  noted  in  the  cytoplasm  of  the  RPE.  Short  microvilli  of  the  RPE  cells  were  still 
present  on  the  apices  of  the  cells,  while  the  basal  Infolding  were  lost  in  most  ceils.  Only  a  few 
intercellular  junctions  were  identified  between  these  proliferated  RPE  ceils  (Rg  4.7B).  The 
macrophages  in  the  degenerated  inner  retinal  layers  were  characterized  by  nuclei  with  marginated 
chromatin  and  abundant  phagosomes  containing  degenerated  outer  segments,  melanin  granules 
and  necrotic  cellular  debris.  The  cell  processes  of  these  macrophages  were  short  and 
interdigitated  with  microvilli  of  the  RPE  cells  or  Muller  cells  (Rg  4.7A,B).  There  was  total  loss  of  the 
photoreceptor  cells  and  OPL  at  the  center  of  the  lesion,  and  the  neuronal  cells  of  the  INL  were 
prolapsed  into  the  outer  retinal  layers.  The  ceil  processes  of  the  Muller  cells  extended  among 
these  prolapsed  neuronal  cells.  The  OLM  were  totally  absent  at  the  center  of  the  lesion  (Rg  4.7B). 
The  cytoplasm  of  the  Muller  cells  approximated  the  microvilli  of  the  RPE  cells  at  the  center  of  the 
lesion.  These  Muller  cell  processes  showed  complicated  interdigitation,  abundant  mitochorKiria 
and  glycogen  granules.  The  retinal  capillaries  in  the  INL  showed  loss  of  the  eixfotheiium  and 
pericytes  and  the  vascular  lumen  was  totally  occluded.  Degenerated  dendrites  and  axons  were 
seen  in  the  IPL  (Fig  4.7A). 

Treated 

The  CC  were  patent  showing  re-endothelialization  with  duplicated  basement  membrane. 
The  lumen  of  these  choriocapillaries  were  narrow  and  endothelial  ceils  showed  few  fenestration 
(Fig  4.8C).  Bruch’s  membrane  and  invaginations  of  the  nudear  membrane  of  the  proliferated  RPE 
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cells  were  remarkable,  and  prominent  nucleoli  of  RPE  cells  were  rarely  seen.  The  cytoplasm  of  the 
RPE  cells  showed  abundant  mitochondria,  cytoplasmic  organelle  and  dispersed  small  melanin 
granules.  However  the  number  of  the  melanin  granules  was  more  abundant  in  this  group  than  in 
the  control  group.  Microvilli  of  the  RPE  cells  were  longer  and  more  abundant  than  those  of  the 
control  groups  and  were  present  in  the  lateral  membrane  of  the  cells.  Basal  infoldings  of  the  RPE 
cells  were  well  formed,  and  intercellular  Junctions  between  these  proliferated  RPE  cells  were 
abundantly  with  presence  and  in  the  basal  and  apical  portion  of  the  lateral  plasmalemma  (Fig 
4.8C). 

The  nuclei  of  the  macrophages  in  the  subretinal  space  were  similar  to  those  in  the  control 
group,  but  the  total  number  of  the  number  of  phagosomes  and  phagosomes  containing  the 
degenerated  outer  segments  or  necrotic  debris  were  much  less  than  those  of  the  control  group 
(Fig  4.8C). 

In  the  reformed  OLM,  there  were  numerous  zonula  adherens-like  cell  junctions  between 
Muller  cell  processes.  Long  cellular  processes  of  the  Muller  cells  extended  into  the  subretinal 
space.  Proteinous  subretinal  fluid  was  seen  in  the  subretinal  space  (Fig  4.8B,C).  In  the  ONL,  the 
remaining  photoreceptor  cells  were  surrounded  by  the  cytoplasm  of  the  Muller  cells  which  had 
abundant  microtubules  and  glycogen  granules  in  the  cytoplasm  (Fig  4.8B).  Surviving 
photoreceptor  cells  in  the  ONL  occasionally  showed  short  Inner  segments  and  disorganized  outer 
segments,  and  had  densified  cytoplasm  (Rg  4.8B).  The  retinal  vessels  in  the  INL  were  patent, 
however  the  endothelium  shows  various  grade  of  degeneration  and  increase  in  the  pinocytotic 
vesicles  (Fig  4.8A). 

4.3.2.2  Periphery  of  laser-induced  retinal  lesions 

Control 

Ultrastructurally,  degenerated  synaptic  terminals  of  the  photoreceptor  cells  were  noted  in 
the  OPL  which  was  partially  replaced  by  the  processes  of  the  Muller  cells  (Rg  4.gA). 

Treated 

Under  electron  microscopy,  a  number  of  the  well  preserved  rod  spherules  were  seen. 
However  the  first  cone  pedicles  by  the  edge  of  the  lesion  was  condensed  showing  dilated  synaptic 
vesicles  and  few  synaptic  ribbons.  Shrunken  postsynaptic  neuronal  cells  with  pyknotic  nuclei  and 
densified  cytoplasm  were  seen  in  the  INL  (at  close  proximity)  to  such  degenerated  synaptic 
expansions  (Fig  4.10A).  There  were  also  swollen  neuronal  cells  with  watery  cytoplasm  and  swollen 
axons  in  the  INL 

4.3.2.3  Paralesional  area 

Control 


44 


There  were  areas  where  only  rod  spherules  were  seen  at  the  edge  of  the  lesion.  The  first 
identifiable  cone  pedicle  away  from  the  edge  of  the  lesion  were  densified  with  microvacuolation. 
However,  the  synaptic  vesicles  and  synaptic  ribbons  were  recognizable.  Swollen  neuronal  ceils 
with  watery  cytoplasm  and  axons  were  observed  in  the  INL  (Rg  4.6A,  4.66). 

Treated 

The  synaptic  terminals  of  the  cone  and  rod  cells  were  well  aligned  and  showed  good 
preservation  (Rg  4.1  IB). 

4.4  Comments 

In  this  study,  we  demonstrated  the  uitrastructurai  modification  following  administration  of 
MP  in  choroidal  and  retinal  blood  vessels  RPE  cells,  macrophages,  Muller  cells,  and  neuronal  ceils 
in  the  retina  by  methylprednisolone.  These  observations  further  confirmed  that  the  beneficial 
effects  of  high  doses  of  MP  treatment  may  be  due  to  its  multiple  sites  of  actions  on  various  cellular 
components  of  the  retina  after  laser  injury.  In  addition,  these  findings  are  consistent  with  our 
hypothesis  that  cellular  changes  after  laser  injury  can  be  modulated  by  pharmacological  agents  to 
limit  secondary  cell  death  to  give  a  more  favorable  clinical,  pathological,  and  probably  functional 
outcome. 


4.4.1  Effects  on  choroidal  vessels 

There  was  little  difference  in  the  pathologic  changes  in  the  choriocapillaris  at  the  center  of 
the  lesion  at  3  days  after  laser  injury  between  control  and  MP-treated  retinas.  However,  at  10  days, 
the  control  retinal  lesion  showed  complete  choroidal  vascular  occlusion  while  the  blood  flow  of  the 
retinal  and  choroidal  vasculatures  was  rapidly  re-established  in  the  MP-treated  retina,  and  the 
vascular  lumen  was  patent.  However,  the  recanalized  patent  choriocapillaris  in  the  treated  group 
showed  duplicated  basement  membrane,  decreased  fenestration  of  the  vascular  endothelial  cells 
and  narrow  lumen.  Recanalization  of  the  choriocapillaris  was  previously  described  by  Perry  and 
Rlsco^^’^  with  transmission  electron  microscopic  and  vascular  cast  techniques  in  choroidal 
microvascular  recanalization  in  cat  eyes  at  three  months  after  argon  laser  photocoagulatlon  using 
similar  exposure  settings  (500  urn,  0.2  sec,  800  urn  W).  Similarly,  Katoh  et  al^  also  reported  the 
total  recanalization  of  the  choriocapillaris  at  three  months  after  argon  laser  photocoagulatlon  in 
monkey  eye  in  much  milder  laser  lesions.  Our  observation  suggested  that  MP  treatment  appears 
to  promote  rapid  microvascular  repair  in  the  choroid  and  retina.  This  observation  is  consistent  with 
the  proposal  by  Hall  et  al  that  high  doses  of  glucocorticoids  enhances  blood  flow  In  injured  spinal 
cord^.  The  choroidal  and  retinal  vascular  effect  by  MP  may  be  partially  responsible  for  the 
preservation  of  the  retina  after  the  laser  injury.  However,  direct  vasodilator  action,  changes  in 
adrenergic  receptor  sensitivity,  inhibition  of  vasoactive  prostaglandin  formation  and  inhibition  of 
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endothelial  lipid  peroxidation  might  also  be  involved  in  the  pharmacological  actions  of  MP.^ 
Specifically,  Naven  et  al^^  demonstrated  that  corticosteroid  decreased  prostaglandin  E2  in  laser 
retinal  lesions. 


4.4.2  Effects  on  RPE 

The  modulation  of  the  repairing  process  of  the  RPE  cells  by  MP  was  remarkable.  In  the 
MP-treated  retina,  a  single-layer  of  the  RPE  cdls  with  regularly  arranged  cell  junctions  relined 
Bruch’s  membrane  while  the  control  retina  showed  multi-layers  of  irregular  RPE  proliferation  with  a 
few  randomly-arranged  cell  junctions.  The  presence  of  these  well-formed  regular  cell  junctions 
between  the  proliferated  single-layered  RPE  ceils  in  the  treated  group  provided  an  explanation  to 
the  clinical  observation  of  the  minimal  retinal  fluorescein  leakage  at  10  days  after  laser  injury.  In 
addition,  the  RPE  cells  in  the  MP-treated  retina  had  lateral  microvilli  and  basal  infolding.  The  lateral 
microvilli  and  basal  infolding  might  probably  play  a  role  in  the  rapid  absorption  of  the  subretinai 
fluid  in  the  retinal  lesions.  Such  differences  in  the  repairing  process  of  the  pigmented  epithelial 
barrier  were  observed  between  mild  laser  lesion  and  severe  laser  lesions  by  Wallow^^.  It  appears 
that  MP  promoted  the  rapid  reforming  of  the  outer  blood  retinal  barrier.  However,  Koutsandrea  et 
al^^  recently  reported  the  inhibitory  effect  of  RPE  proliferation  by  steroid  in  the  culture.  It  is 
possible  that  moderation  of  the  reactive  proliferation  of  the  RPE  may  better  differentiate  and  lead  to 
a  regular  mono-layer  of  RPE  cells  with  tight  blood  retinal  barrier  instead  of  papillary  proliferation  of 
RPE  without  reformation  of  the  blood-retinal  bam’er. 

4.4.3  Effects  on  macrophagic  response 

Under  light  microscopy,  there  were  little  differences  between  the  control  and  MP-treated 
retina  at  3  days  after  laser  injury,  but  the  number  of  the  macrophages  in  the  inner  retinal  layers 
were  conspicuously  less  at  10  days  after  laser  injury  in  the  MP-treated  animal.  In  addition,  the 
ultrastructural  features  of  the  phagosomes  in  the  macrophages  were  different  between  the  two 
groups,  in  the  control  retina,  the  repairing  processes  were  characterized  by  the  clearance  of 
necrotic  debris  by  a  large  number  of  macrophages  containing  a  considerable  amount  of  cellular 
debris.  In  contrast,  the  MP-treated  retina  had  less  number  of  the  macrophages  and  less  amount  of 
degrading  materials  in  the  phagosomes.  The  effects  of  glucocorticoids  on  monocytes  and 
macrophages  have  been  well  described  in  the  literatures^’^®.  These  effects  on  monocytes  and 
macrophages  included  (1)  profound  depletion  of  these  ceils  from  blood,  (2)  alteration  of  cellular 
surfaces,  (3)  diminished  response  to  chemotactic  factors,  lymphokines,  arxl  macrophage 
activation  factor,  (4)  inhibition  of  ability  to  phagocytize,  (5)  inhibition  of  pyogene  production  and  (6) 
Inhibition  of  the  secretion  of  collagenase,  elastase  and  plasminogen  activator.  The  phagocytotic 
and  migrational  activities  of  the  macrophages  were  appeared  to  be  decreased  by  MP  in  our  study. 
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These  inhibitory  effects  of  MP  macrophages  might  aid  in  minimizing  additional  photoreceptor  cell 
loss  in  the  surrounding  retinal  tissue  during  the  reparative  phase  after  laser  injury. 

4.4.4  Effects  on  Muller  cells 

Specific  effects  of  glucocorticoid  to  Muller  cells  is  not  known.  However,  we  observed  a 
rapid  reformation  of  the  OLM  by  Muller  cells.  This  might  be  a  phenomenon  secondary  to  the 
suppression  of  macrophagic  infiltration  in  the  MP-treated  retina  and  diminished  tissue  degradation 
by  the  lytic  enzymes  secreted  by  the  macrophages  in  the  inner  retinal  layers.  Conversely,  a  rapid 
reformation  of  the  OLM  could  establish  cytological  barrier  against  the  additional  infiltration  of  the 
macrophages  into  the  inner  retinal  layers  hence  lessening  the  secondary  damages  to  the  inner 
retina. 


4.4.5  Effects  on  photoreceptor  cells 

The  photoreceptor  cells  in  the  periphery  of  the  lesion  were  relatively  well-preserved  in  the 
MP-treated  retina  at  3  days  after  laser  injury  when  compared  to  the  control  retina,  and  these 
rescued  photoreceptor  cells  appeared  to  fill  in  the  gap  of  the  outer  nuclear  layer  in  the  repairing 
process.  This  phenomenon  was  well-documented  by  morphometric  measurements  in  the  previous 
chapter.  In  this  study,  at  the  periphery  of  the  lesion,  degeneration  of  the  synaptic  expansion  was 
less  in  the  MP-treated  retina  and  the  synaptic  expansions  in  the  paralesional  area  were  well 
preserved  in  the  MP-treated  retina.  This  preservation  of  the  synaptic  expansions  was  consistent 
with  the  protective  effect  of  MP  on  photoreceptor  cells.  Furthermore,  at  both  3  and  10  days  after 
laser  injury,  more  cone  pedicles  were  seen  in  the  OPL  in  the  paralesional  area  in  the  treated  retina 
while  the  control  retina  showed  loss  of  synaptic  expansion,  especially  cone  pedicles. 

Since  secondary  degeneration  of  the  synaptic  expansions  of  photoreceptor  cells^^’^^  and 
elongation  of  the  axons  of  the  photoreceptor  ceils  after  photocoagulation''”  were  proposed,  the 
number  and  morphology  of  the  synaptic  expansions  in  the  edge  of  the  lesion  and  paralesional  area 
are  important  dues  for  evaluation  of  the  photoreceptor  damage.  It  is  known  that  cone  cells  were 
more  susceptible  than  rod  cells  in  the  argon  laser  photocoagulation  Our  study  suggested  that 
cone  cells  in  the  edge  of  the  lesion  were  also  re.«cued  by  MP  treatment. 

4.4.6  Summary 

In  summary,  the  rescuing  effect  of  MP  on  photoreceptors  may  be  due  to  multiple  factors 
such  as  its  effects  on  retinal  and  choroidal  vasculatures,  RPE  blood-retinal  barriers,  and 
macrophages  and  Muller  cells.  However,  it  has  been  demonstrated  that  intravenously 
administered  high  dose  MP  (15  to  30  mg/kg)  can  reduce  lipid  peroxidation  in  the  neuronal  cells  in 
cat  spinal  cord  injury^.  The  direct  effect  of  MP  on  neuronal  lipid  peroxidation  has  been 
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suggested  In  a  number  of  studies,  and  prevention  of  neurofilament  degradation^^  and  retardation 
of  axonal  degeneration^®  were  reported. 
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Fig  4.1 :  Center  of  the  control  lesion  at  3  days  after  laser 
photoco^ulation.  A.  The  outer  and  Inner  nuclear  layers  were 
cqllapsecTand  macrophages  phagocytized  cell  debris  (asterisk) 
migrated  in  the  necrotic  retina.  The  necrotic  inner  segments  (lb) 
showed  granular  appearance.  Axons  and  dendrites  of  the  inner 
plexiform  layer  (IPL)  showed  densification  (x4312).  B.  The 
chonocapillaries  were  occluded  by  thrombi  consisting  of 
polymorphonuclear  leukocytes  (PMN)  and  red  blood  cells  (RBC). 
The  nucleus  of  the  endothelial  cell  (En)  was  pyknotic.  The  hPE 
cells  showed  complete  necrosis  and  outer  segment  (OS)  showed 
focal  densification  in  the  lamellae.  BM:  Brucirs  membrane 
(x4110). 


Fig  4.2:  Center  of  the  MP>treated  lesion  at  3  d^s  after  laser 
phptocoagulation.  A.  The  outer  nuclear  layer.  The  macrophages 
(M)  migrated  beneath  the  outer  limiting  membrane  (OLM) 
phagocytizing  the  necrotic  inner  and  outer  segments  (IS  and  OST 
Arrows  shows  phagocytized  inner  and  outer  segments  (x3245).  B. 
The  choriocapiilaris  and  RPE  cells.  The  choriocapiilaris  showed 
occlusion  with  necrosis  of  the  endothelial  cells  and  fibroblast-like 
cell  (asterisk)  in  the  lumen.  Basement  membrane  of  the 
choriocapiilaris  (arrowheads)  was  continuous.  RPE  cells  were 
totally  necrotic.  BM:  Bruch’s  membrane.  (x5650) 
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Fig  4.3:  Periphery  of  the  control  lesion  at  3  days  after  laser 
photocoagulaiion.  A.  the  outer  nuclear  layer  (OML)  showed 
shrunken  photoreceptor  cells  with  densification  (arrow)  which  was 
surrounded  by  processes  of  the  Muller  cells  (Mu).  The  outer 
limiting  membrane  (OLM)  was  disrupted  at  the  central  side  of  the 
lesion  (arrowhead).  The  macrophage  (M)  approached  to  the  outer 
limiting  membrane.  IS:  degenerated  inner  segment.  (x4702).  B. 
The  choriocapillaris  was  occluded  by  thrombi  and  RPE  cells  with 
abundant  organellas  were  seen  beneath  the  debris  (D)  of  the 
necrotic  RPt  cells.  Macrophages  (M)  with  degenerated  outer 
segments  (arrow)  and  cellular  debris  were  nofed  above  the  RPE 
cells.  OS:  outer  segment.  BM:  Bruch’s  membrane  (x5134) 
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Fiq  4.4:  The  outer  piexiform  layer  in  the  control  lesion  at  3  days 
after  laser  photocoagulation.  A.  Periphery  of  the  lesion.  Axonal 
loss  of  photoreceptors  was  apparent.  Processes  of  the  Muller 
cells  (Mu)  enveloped  the  degenerated  synaptic  terminals  (arrow^. 
The  outer  nuclear  l^er  (ONL)  showed  pyknotic  nuclei.  (x4759)  B. 
Paralesional  area.  The  axons  and  synaptic  terminals  (r  =  rod 
spherule,  c  =  cone  pedicle)  of  the  photoreceptor  cells  were  not 
well-aligned.  The  cone  pedicles  were  especially  few  in  number 
(X2836J. 
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Fig  4.5:  Periphery  of  the  MP-treated  lesion  at  3  days  after  laser 
photocoaguiation.  Outer  nuclear  layer  (ONL).  A  relatively  intact 
cone  ceils  with  condensation  of  the  cytoplasm  were  seen,  inner 
seqment  of  the  cone  cell  was  also  condensed.  The  outer  segment 
(OS)  showed  disruption  and  densification.  Outer  limiting 
membrane  (OLM)  was  continuous  (x2250).  B.  The  choriocapillaris 
and  RPE  ceils.  The  iimen  of  the  choriocapillaris  was  patent  (CC). 
The  RPE  cells  with  abundant  melanin  granules  migraWd  beneath 
the  Debris  of  the  necrotic  RPE  cells  (DJ.  No  macrophages  were 
seen  in  this  area,  arrows:  densified  outer  segment  (x3811). 
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Fig  4.6:  The  outer  plexiform  layer  of  the  paralesionai  area  in  the 
control  lesion  at  3  days  after  photocoagulation.  Cone  pedicles  (c) 
were  well  preserved  and  well  aligned  with  rod  spherules  (r).  INL: 
inner  nuclear  layer,  ONL  =  outer  nuclear  layer  (x3304). 


Fig  4.7:  Center  of  the  control  lesion  at  10  days  after  laser  photocoagulation.  A.  The  inner 
nuclear  layer  and  inner  plexiform  layer  (IPL).  Macrophages  with  abundant  phagosomes 
migrated  into  the  inner  nuclear  layer.  The  retinal  capillaries  (arrows)  showed  various  grade 
of  occlusion.  Axons  and  dendrites  in  the  IPL  were  vacuolated  (x334S).  B.  The 
choriocapiilaris  and  RPE.  The  choriocapillaris  was  occluded  and  fibroblast-like  cell  was 
seen  in  the  vascular  lumen.  Bruch’s  membrane  (BM)  showed  separation  of  the  basement 
membrane  of  the  RPE  cells  (bm),  and  macrophage  (M)  migrated  between  them.  The  RPE 
cells  showed  multilayered  proliferation  with  few  intercellular  junctions  (arrows).  Many 
macrophages  with  abundant  phagosomes  were  seen  in  the  subretinal  space.  N;  herniated 
neuronal  cells  in  the  inner  nuclear  layer,  Mu:  Muller  cell  processes  (x2976). 
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Rg  4  8  The  center  ol  the  MP-treated  lesion  at  to  days  after  laser  photocoagiiatkxt.  A)  The  retlnai  caDillaiv  In  the  Inner 

Mer  *  degeneratloo  (amwhead)  of  synapUc  exnnsion  In  this  area  (x4974).  B)  T^ 

^er  nudear  layer  (ONL)  showed  surviving  photoreceptor  cells  with  short  Inner  segment  flS)  4.  disorganized  outer 
segment  (OS).  The  outer  limiting  membrane  (OUm)  was  compoaod  of  continuous  zonSa  adherens  like  iunetkma.  Lono 

aThechorloea»*aris(CO&RPEcells.  T^MCQ 

'ew^sis  4  the  RPEceHs  showed  nwiolayerrogtSarprol«er«ion forming  muapielrtsreallijlarhsictlons  (arrows)  The 

space  was  free  from  macrophages.  8M:  Bruch's  membrane.  OLM;  outer  HmUng  membrane  (x37a2)  Upper 
![??'  ^  mecroohages  m  the  subretinal  space  showed  fewer  phagosomes  (x3706).  Lower  Sisat:  the  CC  with  dupileatsd 
gesament  membrane  (arrowhead)  few  fenestration  (x2700).  ^ 


The 
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Fiq  4.9:  The  outer  piexiform  layer  (OPL)  in  the  control  lesion  at 
Kfdays  after  photocoagulation.  A.  Periphery  of  the  lesion.  The 
inner  part  of  the  OPL  was  replaced  by  processes  of  the  Muller 
cells  (Mu).  Degenerated  synaptic  terminals  (arrows)  were  still 
seen.  The  inner  nuclear  layer  (INU  showed  neuronal  cells  with 
watery  cytoplasm  (asterisk)  (x481a}.  B.  Paralesional  area.  The 
cone  pedicles  (c)  were  densified  with  microvacuolation 
(arrowheads).  Postsynaptic  neuronal  element  .also  showed 
degeneration  with  microvacuolation.  r  rod  spherules.  (x4851 ) 
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Fig  4.1 0:  The  outer  plexiform  layer  in  the  MP-treated  lesion  at  1 0  days  after  laser 
photpcoagulatlon.  A.  Periphery  of  the  lesion.  The  rod  spheruies  (r)  appeared 
relatively  intact,  however  the  first  cone  pedicle  (c)  showed  densification. 
Degenerated  postsynaptic  neuronal  element  (asterisk)  was  seen  adjacent  to  the 
degenerated  cone  pedicle.  The  inner  nuclear  layer  (INL)  showed  condensed 
degenerated  cells  with  pyknotic  nuclei  in  the  outermost  layer  (arrows).  ONL:  outer 
nuclear  layer  (x3446).  B.  Paralesional  area.  Synaptic  terminals  of  the  cone  ceils 
(c)  &rod  cells  (r)  were  well  aligned  &showed  good  preservation  (x3611). 
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Chapters 

Evaluation  of  efficacy  of  t-PA  in  subretinal  hemorrhage  induced  by  retinal  laser  injury  in  rats 

5. 1  Pathophysiology  of  vitreal  or  retinal  hemorrhage 

In  severe  laser  injury,  bleeding  from  retinal  or  choroidal  vasculature  may  occur,  resulting  in 
retinal  and/or  vitreal  hemorrhage. 

Of  the  23  cases  of  accidental  laser  injuries  summarized  by  Wolfe,  1 1  patients  (74%)  had 
hemorrhage.  Both  cases  reviewed  in  Chapter  2  had  retinal/vitreai  hemorrhage.  It  is  therefore 
important  to  explore  new  therapeutic  modalities  for  the  treatment  of  hemorrhage  in  laser  injury. 

The  pathophysiologic  process  of  vitreous  hemorrhage  has  been  described  in  detail  in  the 
literature^'^^  and  will  only  be  briefly  summarized.  As  Wood  Weeds  Into  the  vitreous  cavity  from 
the  retinal  or  choroidal  circulations,  a  fibrinous  dot  is  rapidly  formed  within  the  vitreous  gel 
probably  initiated  by  platelet  aggregation.  The  extravasated  red  Wood  cells  are  enmeshed  in  a 
network  of  fibrin.  Subsequently,  fibrinolysis,  hemWysis,  and  phagocytosis  follow.  Complications 
such  as  posterior  detachment,  liquefaction  of  the  vitreous,  formation  of  vitreous  membrane, 
vitreous  neovascularization  and  vitreous  traction  bands  may  occur.  In  advanced  cases,  retinal 
detachment  may  take  place.  Hemolytic  glaucoma,  siderotic  glaucoma,  and  siderosis  bulbae  may 
be  caused  by  further  degradation  of  blood  components. 

Massive  subretinal  hemorrhage  involving  the  macula  is  a  devastating  complication  of 
choroidal  trauma.  Although  visual  recovery  may  be  excellent  in  some  patients,  the  visual 
prognosis  is  generally  poor.  The  pathophysiWogy  of  subretinal  hemorrhage  is  not  well 
understood.  Glatt  and  Machemer^^  postulated  that  a  Wood  dot  in  the  subretinal  space  damages 
the  overlying  retina  by  forming  a  metabolic  exchange  barrier  between  the  retina  and  the  pigmented 
epithelium  and  by  iron  toxicity. 

5.2  Treatment  of  intravitreal  and  subretinal  hemorrhage 

Besides  surgical  removal  of  intravitreal  and  subretinal  Wood^^^,  pharmacologic 
treatment  has  also  been  proposed^^*^^.  Retinal  damage  and  other  complications  associated  with 
intraocular  hemorrhage  may  be  reduced  by  pharmacWogic  dissolution  of  the  fibrin  meshwork 
within  the  dot.  Clot  lysis  might  also  allow  more  rapid  dearance  of  Wood  by  phagocytic 
mechanisms.  In  addition,  pharmacologic  therapy  of  sub-retinal  hemorrhage  might  be 
accomplished  with  less  trauma  and  fewer  complications  than  those  accompanying  surgical 
evacuation. 

5.3  Earlier  experimental  treatments 

Rbrinoiytic  agents  such  as  fibrinolysin  streptokinase,  urokinase,  and  t-PA  have  been 
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tested^^^.  Rbrinolysin  and  streptokinase  were  used  in  experimental  hyphema,  but  complication 
of  corneal  edema  was  seen  in  treated  eyes^^^.  Similar  results  were  found  in  the  use  of 
urokinase.  Leet  examined  the  effect  of  urokinase  in  rabbits  in  experimental  hyphema  and  showed 
it  to  be  effective  in  the  clearance  of  blood  and  fibrin^.  Liebman,  however,  noted  that  corneal 
edema  occurred  in  the  treated  eyes^^ .  Rakusin  reported  the  clinical  use  of  urokinase  in  20 
patients  with  persistent  hyphema  and  showed  an  accelerated  blood  ciearance^^.  Chapman-Smith 
and  Crocks  noted  sterile  hypopyon  and  corneal  edema  after  urokinase  injection^.  Bramsen 
noted  corneal  edema  and  increase  in  corneal  thickness  with  intravitreai  injection^.  At  higher 
doses,  urokinase  was  noted  to  cause  loss  of  photoreceptor  outer  segments  and  retinal 
disorganization.  Belkin  et  al  have  applied  urokinase  in  experimental  laser-induced  vitreous 
hemorrhage  and  noted  that  urokinase  did  not  accelerate  the  absorption  of  blood  but  did  prevent 
the  development  of  severe  vitreous  fibrosis^  ^ .  These  investigators  suggested  that  urokinase 
should  be  given  early  before  bitreous  fibrosis  takes  place. 

5.4  Tissue  plasminogen  activator  (t-PA) 

Tissue  plasminogen  activator  (t-PA,  a  70-k0  serine  protease)  is  a  naturally  occurring  dot 
specific  fibrinolytic  agent  produced  mainly  by  the  human  endothelium.  It  promotes  thrombolysis 
by  hydrolyzing  the  Arg^®°-\/al®®^  peptide  bond  in  plasminogen  to  form  the  active  proteolytic 
enzyme  plasmin.  This  serine  protease  in  turn  nonspecifically  degrades  fibrin,  fibrinogen,  and  other 
pro-coagulant  factors  including  V,  VIII  and  Xil  causing  fibrinolysis  of  the  fibrin  dot.  In  the  literature, 
t-PA  has  been  reported  to  accelerate  the  clearance  of  blood  dot  from  the  vitreous  and  subretinal 
space.  Lambrou  at  al  has  studied  the  use  of  t-PA  in  experimental  hyphema  and  experimental  fibrin 
clot®®'®®.  When  t-PA  given  intracamerally  at  24  hours  after  Injection  of  whole  Wood  Into  the 
anterior  chamber,  it  caused  little  comeal  edema  and  no  significant  increase  in  intraocular  pressure 
but  showed  significant  increase  in  intraocular  pressure  but  showed  significant  effectiveness  (80% 
dearance  within  24  hours  in  the  treated  group  versus  14  days  in  the  control  group)  in  accelerating 
the  clearance  of  hyphema  in  rabbit  eyes.  Using  a  gas  compression  induced  Intravitreai  fibrin  dot 
model,  the  same  investigators  reported  no  significant  toxicity  as  measured  by  slit  lamp 
biomicroscopy  (corneal  =1  thickness),  electroretinography,  tonometry  (intraocular  pressure),  and 
histopathologic  examination  after  intravitreai  Injection  of  25  ug  of  t-PA.  The  t-PA  treated  eyes 
deared  within  6  hours  versus  6  days  in  the  controls.  However,  in  their  experiments,  only 
intravitreai  fibrin  clot  was  induced  in  the  treated  eyes,  arxJ  vitreous  hemorrhage,  lysis  arxl  removal 
of  red  blood  cells  were  not  studied.  Also,  there  was  no  decrease  in  the  complication  associated 
with  retinal  arxl  vitreal  hemorrhage  with  t-PA  treatment.  In  addition,  treatment  with  t-PA  enhanced 
the  chance  of  further  bleeding'^®’®®.  However,  these  studies  were  perfomned  with  models  not 
using  laser.  Because  of  the  anticipated  large  variations,  there  is  a  need  for  large  sample  size. 


Since  the  vasculature  of  the  rat  is  closer  to  human  than  rabbit,  we  developed  a  rat  model  of 
subretinal  hemorrhage  to  evaluate  the  efficacy  of  intravitreal  injection  of  t-PA. 

5.5  Method 


5.5. 1  Preliminary  test  of  experimental  parameters 

Four  eyes  of  2  male  Long  Evans  rats  (45-50  days,  Harlan,  Indianapolis,  IN)  were  employed 
to  determine  the  necessary  conditions  to  generate  subretinal  hemorrhage.  Each  animal  was  given 
an  intraperitoneal  injection  of  20  mg/kg  Nembutal  for  anesthesia  A  custom  made  rat  holder  was 
utilized  for  restraining  and  position  of  tne  animals.  Multiple  lesions  were  inflicted  on  the  rat  retina 
with  the  same  continuous-wave  Argon  (CW  Argon)  laser  as  described  in  Chapter  3  (Coherent 
Medical,  Palo  Alto,  CA)  attached  to  a  slit-lamp  delivery  system  (Carl  Zeiss,  Thomwood,  NY)  and 
with  a  custom  made  contact  lens. 

Retinal  lesions  were  examined  at  7  days  after  injury  and  conditions  corresponding  to 
subretinal  hemorrhage  with  no  vitreous  involvement  were  selected.  Results  showed  that  with  0.1 
sec  duration  at  an  energy  setting  of  0.60  W,  a  spot  size  of  800  micron  at  the  cornea  level, 
reproducible  subretinal  hemorrhage  could  be  obtained  with  proper  focus. 

5.5.2  Efficacy  of  t-PA  in  subretinal  hemorrhage  in  rats 

Eight  eyes  of  four  male  Long  Evans  rats  (45-50  days)  (Harlan,  Indianapolis,  IN)  were 
employed  for  this  study.  The  animals  were  divided  into  two  equal  groups:  control  and  t-PA  treated. 
Both  groups  were  exposed  to  laser  with  the  settings  determined  in  the  previous  section.  Twenty- 
four  hours  after  the  injury,  the  animals  were  given  an  intravitreal  injection  of  25  ui  of  sterilized  water 
or  25  ug  of  t-PA  in  the  same  volume  for  the  control  and  treated  groups  respectively.  Animals  were 
killed  by  Nembutal  overdose  four  days  after  laser  injury  arxl  their  eyes  were  enucleated.  The 
retinas  were  fixed  in  4%  paraformaldehyde  and  1%  giutaraldehyde,  postfixed  in  alcohol,  and 
embedded  in  epoxy  resin.  One-micron  serial  sections  were  cut  untB  the  center  of  the  lesions  was 
reached,  as  defined  in  Chapter  3. 

5.5.3  Evaluation 

The  extent  of  the  sub-retinal  hemorrhage  was  difficult  to  quarrtltate  as  blood  tended  to 
spread  anteriorly  or  laterally.  For  an  approximate  index,  we  took  the  distance  from  the  center  of 
the  lesion  to  the  edge  of  the  hemorrhage  spot.  Further  refinement  of  this  index  will  be  needed. 

5.6  Results 

Figure  5.1  showed  typical  histologic  sections  of  control  (A)  and  t-PA  (B)  treated  retinal 


61 


lesions  with  subretinai  hemorrhage  induced  by  Argon  laser  in  rat  At  the  center  of  the  lesions,  the 
choriocapillaries  were  occluded.  The  RPE.  photoreceptor  layer,  outer  nuclear  layer,  outer 
piexiform  layer,  and  inner  nuclear  layer  were  necrotic.  Aggregates  of  macrophages  were  noted  at 
the  damaged  area.  The  severity  of  the  injuries  was  comparable  between  control  and  treated. 

Figure  5.2  depicts  the  morphometric  measurements  with  and  without  25  ug  t-PA  treatment 
The  t-PA  treatment  gave  a  smaller  value  in  the  extent  of  sub-retinal  hemorrhage.  However,  there 
was  no  statistical  significance  between  the  two. 

5.7  Comments 

This  study  represents  a  first  attempt  to  quantitatively  evaluate  the  efficacy  of  recombinant 
t-PA  on  subretinai  hemorrhage  induced  by  laser  in  a  rat  model.  Our  results,  though  small  in 
sample  size,  suggested  that  single  intravitreal  injection  of  25  ug  of  recombinant  t-PA  did  not 
accelerate  the  clearance  of  blood  from  the  subretinai  space.  However,  factors  such  as  different 
morphometric  indices,  dosage,  time  of  injection,  and  time  point  of  observation  should  also  be 
investigated  to  rule  out  possible  beneficial  effects  of  t-PA  in  subretinai  hemorrhage  by  laser  injury. 
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Morphometry  of  laser  lesions  with  subretinal 
hemorrhage  with  and  without  t-PA  treatment  (25 


CONCLUDING  REMARKS 


1 .  We  established  a  subhuman  primate  model  for  quantitative  evaluation  of  the  effects  of 
pharmacologic  agents  on  retinal  laser  injury. 

2.  We  examined  3  different  regimens  of  high  doses  (30  mg/kg  loading  and  5.4  mg/kg/hr 
maintenance)  of  methylprednisolone  on  Grade  III  retinal  laser  injuries  with  clinical, 
histopathological,  and  morphometric  criteria.  With  clinical  and  histopathological  criteria, 
all  three  regimens  were  effective.  However,  when  morphometric  indices  were  included, 
only  regimens  I  &  II  (which  required  a  treatment  period  of  4  days)  showed  statistical 
significant  beneficial  effect. 

3.  We  developed  a  rat  model  of  subretinal  hemorrhage  by  laser  and  evaluated  the  effect  of  25 
ug  t-PA  given  at  1  day  after  hemorrhage.  There  was  no  beneficial  effect  under  these 
conditions. 

4.  Parts  of  our  observations  in  Chapters  2, 3,  and  4  are  in  the  final  stage  for  preparation  for 
publication  in  peer  review  ophthalmic  journals. 
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